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INTRODUCTION: 

This  annual  report  includes  a  brief  summary  of  the  year  of  2007  -  2008  research  and  related  activities  supported 
by  DAMD 17-03- 1-0004. 

This  project  funded  by  DOD  DAMD  17-03- 1-0004  was  initiated  at  East  Carolina  University  on  February  24, 
2003.  PI  and  two  research  associates  moved  to  the  current  institute,  Florida  Atlantic  University  (FAU),  on 
September  30,  2003.  The  transfer  of  grantee  institute  was  approved  on  December  1,  2004.  Since  then,  the 
project  has  re-started  with  no-cost  extension  until  May  23,  2009.  Two  postdoctoral  research  associates, 
Shoutaro  Tsuji,  Ph.D.  and  Makiko  Y.  Tsuji,  DVM,  Ph.D.  joined  the  laboratory  and  conducted  this  project 
starting  in  April  2005  until  December  2006.  Tsutomu  Shinohara,  M.D.,  Ph.D.,  a  pulmonary  physician/scientist, 
has  joined  in  May  2006  and  conducted  the  project  until  March  2008. 

BODY: 

Task  1:  To  determine  if  oral  administration  of  1  -  4  /urn  particles  of  chi  tin  will  down-regu/ate  airway 
hyperreactivity  (AHR)  and  GAT  A- 3  levels  as  a  measure  ofTh2  responses,  and  enhance  T-bet  levels  as  a 
measure  of  Till  responses  in  the  lungs  of  mice  that  are  sensitized  with  ragweed  allergens. 

a.  Establish  the  effects  of  dose  response  of  chitin  particles  (Months  1  -  4). 

b.  Establish  therapeutic/prophylactic  effects  of  chitin  (Months  4  -  9). 

c.  Determine  duration  of  chitin  treatments  (Months  8  - 12). 

This  has  been  completed. 


Task  2:  To  determine  if  the  effects  of  1  -  4  pm  particles  of  chitin  on  endogenous  IL-12-  or  IFNy-  mediated 
down-regulation  of  airway  allergic  responses  will  be  greater  than  those  of  HK-BCG,  ODN-CpG  or  an  equal 
number  of  particles  of  1  -  10  pm  chitin. 

a.  Establish  comparative  studies  on  the  effects  of  1  -  4  pm  chitin,  1-10  pm  chitin,  HK-BCG  and  ODN-CpG 
(Months  12-24). 

b.  Study  if  endogenous  IL-12  or  IFNy  is  required  for  the  chitin-induced  down-regulation  of  GATA-3-mediated 
allergic  responses  (Months  24  -  40). 

We  are  still  under  evaluation  whether  our  previous  animal  studies  are  valid,  since  some  mice  during  the 
experiments  (2006  -  2007)  were  later  realized  to  be  infected  with  Helicobacter  spp. 

This  is  because  our  additional  studies  indicated  below  demonstrated  that  pulmonary  inflammation  induced  by 
microbes  appears  to  be  persistent  in  a  microbe-dependent  manner.  We  found  that  alveolar  macrophages  (M0) 
are  important  to  regulate  persistent  pulmonary  inflammation  in  response  to  bioactive  particles  including  HK- 
BCG,  chitin  particles  and  probably  Helicobacter.  Persistent  pulmonary  inflammation  potentially  influences  to 
asthma  development.  An  example  of  our  study  using  HK-BCG  is  shown  below. 

Rationale:  Induced  cyclooxygenase-2  (COX-2)  in  tissue  macrophages  (M0)  increases  prostaglandin  E2  (PGE2) 
release,  down-regulating  granulomatous  inflammation.  In  response  to  mycobacteira,  local  M0  seem  to  express 
catalytically  active  or  inactive  COX-2.  Perhaps,  alveolar  M0  would  express  inactive  COX-2  and  release  no 
PGE2,  to  maintain  persistent  mycobacterial  pulmonary  inflammation. 

Objective:  To  evaluate  forms  of  catalytically  active  and  inactive  COX-2  in  alveolar  M0  during  the 
development  of  mycobacterial  pulmonary  inflammation. 

Methods:  Whole  lungs  of  C57B1/6  mice  were  lavaged  with  saline  following  i.n.  administration  of  heat-killed 
Mycobacterium  bovis  BCG  (HK-BCG).  COX-2  expression  and  PGE2  release  by  alveolar  M0  and 
concentrations  of  tumor  necrosis  factor  (TNF)-a  and  nitric  oxide  in  the  lavage  fluid  were  monitored. 
Measurements  and  Main  Results:  Normal  alveolar  M0  showed  undetectable  levels  COX-2  by  Western  blot. 
However,  Id  after  administration,  almost  all  alveolar  M0  phagocytosed  HK-BCG  and  expressed  significant 
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levels  of  catalytically  inactive  COX-2  and  no  increase  of  PGE2  release.  In  contrast  to  mice  given  i.p.  BCG 
where  peritoneal  M0  containing  BCG  disappeared  within  7  days,  28  days  after  intranasal  administration,  68% 
of  alveolar  M0  still  contained  BCG  together  with  inactive  form  of  COX-2.  There  was  no  alveolar  M0  with 
active  form  of  COX-2.  Significantly  more  TNF-a  and  nitrite  levels  in  the  lung  lavage  fluid  were  detected  by  28 
d  compared  to  those  in  control  fluid. 

Conclusions :  Our  results  indicate  that  inactive  COX-2  and  the  lack  of  PGEo  production  by  alveolar  M0  are 
associated  with  persist  pulmonary  inflammation  caused  by  mycobacteria. 


Task  3:  To  determine  if  M0will  phagocytose  more  particles  and  produce  more  IL-12  in  response  to  1  -  4  pm 
chi  tin  compared  to  1  -  10  pm  chi  tin. 

a.  Determine  if  M0 treated  with  1-4  pm  chitin  particles  phagocytose  more  particles  than  when  treated  with 
an  equivalent  number  of  1  -  10  pm  chitin  particles  (Months  41  -  44). 

b.  Determine  if  1  -  4  pm  chitin  particles  induce  more  production  of  IL-12  than  an  equivalent  number  of  1  -  10 
pm  chitin  particles  (Months  45  -  48). 


We  found  an  important  molecular  mechanism  that  chitin  microparticles  induce  beneficial  Thl  adjuvant  effects. 
A  manuscript  presenting  this  finding  is  under  revision  in  the  American  Journal  Physiology  Cell  Physiol.  A 
copy  of  manuscript  is  attached  in  the  Appendix  Material.  A  summary  of  finding  is  shown  below. 

When  macrophages  phagocytose  chitin  microparticles,  MAPK  are  immediately  activated  in  a  manner  dependent 
on  phagosome  formation,  followed  by  the  release  of  Thl  cytokines,  but  not  IL-10.  To  detennine  whether 
phagocytosis  and  macrophage  activation  in  response  to  chitin  microparticles  are  dependent  on  membrane 
cholesterol,  RAW264.7  macrophages  were  treated  with  methyl-(3-cytodextrin  (MBCD)  to  remove  membrane 
cholesterol  and  stimulated  with  chitin  and  bacterial  components  including  two  heat-killed  (HK)  Mycobacterium 
bovis  BCG  and  an  oligodeoxynucleotide  of  bacterial  DNA  (CpG-ODN)  as  comparison  controls.  The  treatment 
did  not  alter  chitin  binding  or  the  phagocytosis  of  chitin  particles  20  min  after  stimulation.  At  the  same  time, 
however,  chitin-induced  phosphorylation  of  cellular  MAPK  was  accelerated  and  enhanced  in  an  MBCD  dose 
dependent  manner.  The  increased  phosphorylation  was  also  observed  for  chitin  phagosome-associated  p38  and 
ERK1/2.  In  contrast,  CpG-ODN  or  HK-BCG  induced  activation  of  MAPK  in  MBCD-treated  cells  at  levels 
comparable  to,  or  only  slightly  more  than,  those  of  control  cells.  We  also  found  that  MBCD  treatment 
enhanced  the  production  of  TNF-a  and  the  expression  of  cyclooxygenase  2  (COX-2)  in  response  to  chitin 
microparticles.  In  neither  MBCD-  nor  saline-  treated  macrophages,  did  chitin  particles  induce  detectable  IL-10 
mRNA  synthesis.  CpG-ODN-induced  MAPK  phosphorylation,  TNF-a  production,  and  COX-2  expression 
were  less  sensitive  to  MBCD  treatment.  Among  the  inanimate  particles  studied,  our  results  indicate  that 
macrophage  activation  by  chitin  microparticles  was  most  sensitive  to  cholesterol  depletion,  suggesting  that 
membrane  structures  integrated  by  cholesterol  are  important  for  physiologic  regulation  of  chitin  microparticle- 
induced  cellular  activation. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

#1-4  previous  grant  years. 

#5-6  this  grant  period 

1 .  Establishment  of  cellular  mechanisms  underlying  phagocytosis  of  chitin  particles  and  production  of  anti¬ 
inflammatory  cytokines  by  macrophages. 

2.  Establishment  of  the  chitin  Thl  adjuvant  which  inhibits  IL-10,  a  Th2  cytokine,  production. 

3.  Finding  a  novel  mechanism  underlying  chitin  particles  down-regulating  the  activities  of  COX-2  in  a  post- 
translational  regulation. 

4.  Establishment  of  characterization  of  splenic  PGEi-releasing  macrophages  which  induce  a  Thl-to-Th2  shift  of 
immune  responses. 

5.  Establishment  of  a  method  producing  chitin  particles  up  to  100  gram  per  batch  and  further  development  to 
establish  to  produce  500  -  1,000  gram  per  batch. 

6.  Finding  a  mechanism  of  alveolar  macrophages  leading  persistent  pulmonary  inflammation  in  response  to 
certain  microbes. 


REPORTABLE  OUTCOMES: 

Paper  Published  (2003  -  2007) 

Van  Scott  MR,  JL  Hooker,  D  Ehrmann,  Y  Shibata,  C  Kukoly,  K  Salleng,  G  Westergaard,  A  Sandrasagra,  J 
Nyce.  Dust  mite-induced  asthma  in  Cynomolgus  monkeys.  J  Appl  Physiol  96:1433-1444,  2003.  Task  2. 

Shibata  Y,  A  Nishiyama,  H  Ohata,  J  Gabbard,  QN  Myrvik,  RA  Henriksen.  Differential  effects  of  IL-10  on 
prostaglandin  H  synthase-2  expression  and  prostaglandin  E2  biosynthesis  between  spleen  and  bone  marrow 
macrophages.  J.  Leuko.  Biol.  77:544-551,  2005.  Tasks  2  and  3. 

Shibata  Y,  Henriksen  RA,  Honda  I,  Nakamura  RM,  Myrvik  QN.  Splenic  PGE2-releasing  macrophages  regulate 
Thl  and  Th2  immune  responses  in  mice  treated  with  heat-killed  BCG.  J Leukoc  Biol  78,  1281-1290,  2005.  Task 
2. 

Shibata  Y.  Radiosensitive  macrophages  and  immune  responses  —  Prostaglandin  E2-releasing  macrophages 
induce  a  Thl-to-Th2  shift  of  immune  responses  in  chronic  inflammation  — Proceeding  of  “International 
Symposium  on  Low-Dose  Radiation  Exposures  and  Bio-Defense  System.  Page  5,  2006.  Task  2. 

Shibata  Y,  J  Gabbard,  M  Yamashita,  S  Tsuji,  M  Smith,  A  Nishiyama,  RA  Henriksen,  QN  Myrvik.  Heat-killed 
BCG  induces  biphasic  cyclooxygenase-2+  splenic  macrophage  formation  —  role  of  IL-10  and  bone  marrow 
precursors .  J  Leukocyte  Biol  80:590-598,  2006.  Task  2. 

Nishiyama,  A,  S  Tsuji,  M  Yamashita,  RA  Henriksen,  QN  Myrvik,  Y  Shibata.  Phagocytosis  of  V-acetyl-D- 
glucosamine  particles,  a  Thl  adjuvant,  results  in  MAPK  activation  and  TNF-a,  but  not  IL-10,  production.  Cell 
Immunol  239:103  -  112,  2006.  Tasks  1  and  3. 

Shibata  Y,  H  Ohata,  M  Yamashita,  S  Tsuji,  JF  Bradheld,  RA  Hendrickson,  A  Nishiyama,  QN  Myrvik. 
Immunologic  response  enhances  atherosclerosis  —  Thl-to-Th2  shift  and  calcified  atherosclerosis  in  BCG- 
treated  apolipoprotein  E"  mice.  Translational  Research  149:62-69,  2007.  Task  2. 

Yamashita  M,  A  Nishiyama,  QN  Myrvik,  RA  Henriksen,  S  Tsuji,  Y  Shibata.  Differential  subcellular 
localization  of  COX-2  by  macrophages  phagocytosing  Mycobacterium  bovis  BCG  in  vivo.  Am  J  Physiol  (Cell 
Physiology)  293:C184-C190,  2007.  Task  2. 

Tsuji  S,  M  Yamashita,  A  Nishiyama,  T  Shinohara,  Z.  Li,  QN  Myrvik,  DR  Hoffman,  RA  Henriksen,  Y 
Shibata.  Differential  structure  and  activity  between  human  and  mouse  intelectin- 1 :  human  intelectin-1  is  a 
disulfide-linked  trimer,  whereas  mouse  homologue  is  a  monomer.  Glycobiology  17:1045-1051,  2007.  Task  2. 
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Yamashita  M,  T  Shinohara,  S  Tsuji,  QN  Myrvik,  A  Nishiyama,  RA  Henriksen,  Y  Shibata.  Catatlycially  inactive 
cyclooxygenase  2  (COX-2)  and  absence  of  PGE2  biosynthesis  in  murine  peritoneal  macrophages  following  in 
vivo  phagocytosis  of  heat-killed  Mycobacterium  bovis  BCG.  J.  Immunol.  179:7072-7078,  2007.  Task  2. 


Manuscript  in  press  (2007-2008) 

Nishiyama  A,  T  Shinohara,  S  Tsuji,  M  Yamashita, RA  Henriksen,  QN  Myrvik,  Y  Shibata.  Depletion  of  cellular 
cholesterol  enhances  macrophage  MAPK  activation  by  chitin  microparticles  but  not  by  heat-killed 
Mycobacterium  bovis  BCG.  Am  J  Physiol  Cell  Physiol  (in  revision).  Tasks  1  and  3. 

Manuscript  submitted  or  in  preparation  (2007  -  2008) 

Shibata,  Y,  P  Vos,  QN  Myrvik.  Neutrophils  from  BCG-immunized  mice  enhance  innate  immunity  against  lethal 
challenges  of  Listeria  monocytogenes .  Submitted  for  publication.  Task  2. 

Shinohara  T,  M  Yamashita,  T  Pantuso,  S  Shinohara,  QN  Myrvik,  RA  Henriksen  and  Y  Shibata.  Mechanisms  of 
mycobacterial  pulmonary  inflammation  —  persistent  activation  of  alveolar  macrophages  expressing  inactive 
cyclooxygenase-2  without  PGE2  biosynthesis.  Submitted  for  publication.  Task  2. 


Presentations  (2007-  2008) 

Shinohara  T,  M  Yamashita,  A  Nishiyama,  S  Tsuji,  QN  Myrvik,  RA  Henriksen ,  Y  Shibata.  Differential 
regulation  of  cyclooxygenase  (COX)  isoforms  in  alveolar  and  peritoneal  macrophages  from  heat-killed 
Mycobacterium  bovis  BCG  treated  mice.  Abstract  was  presented  at  AAI  Meeting  at  Miami  in  May  2007. 

Shibata  Y,  T  Shinohara,  S  Tsuji,  RA  Henriksen,  A  Nishiyama,  QN  Myrvik,  RA,  M  Yamashita.  Catalytically 
inactive  cyclooxygenase  2  (COX-2)  and  absence  of  PGE2  biosynthesis  in  murine  peritoneal  macrophages 
following  in  vivo  phagocytosis  of  heat-killed  Mycobacterium  bovis  BCG.  Abstract  was  presented  at  AAI 
Meeting  at  Miami  in  May  2007. 

Shibata  Y.  COX-2+  macrophages  in  chronic  inflammation.  Tokushima  University  Medical  School,  Japan, 
January  2008.  . 

Shibata  Y.  Heterogeneity  of  COX-2+  activated  macrophages  induced  by  Mycobacterium  bovis  BCG.  Florida 
International  University,  Miami,  FL  in  February  2008. 

US  Patent  (2007-2008) 

US  Patent  File,  “Chitin  micro-particles  as  an  adjuvant”  by  Yoshimi  Shibata  and  Quentin  N.  Myrvik,  6/16/07,  U.S. 
Application  No.  11/763,941 


EMPLOYMENT  (2003  -  2008): 

Postdoctoral  Research  Associates,  who  worked  for  the  project  were  Hiroyoshi  Ohata,  May  2003  -  October  2004, 
Akihito  Nishiyama,  Ph.D.,  May  2003  -  January  2007,  Shoutaro  Tsuji,  Ph.D.  and  Makiko  Y.  Tsuji,  DVM,  Ph.D., 
both  April  2004  -  December  2005,  and  Tsutomu  Shinohara,  M.D.,  Ph.D.,  May  2005  -  March  2008.  A  Ph.D. 
graduate  student,  Traci  Pantuso,  has  been  working  for  the  project  since  August  2007.  Mari  Kogiso,  Ph.D.  plans 
to  join  April  2008  to  work  for  the  project. 


CONCLUSIONS: 

The  neonates  and  young  children  are  more  susceptible  than  the  young  to  infections  and  frequently  develop 
asthmatic  problems  (1,2).  The  mechanism  by  which  these  populations  become  immunocompromised  appears 
to  be  an  altered  regulation  of  immunity  and  not  simple  immune  deficiency.  It  is  likely  that  macrophages  in 
these  immunocompromised  populations  become  hypofimctional  with  excessive  production  of  PGE2  and  IL-10, 
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both  of  which  enhance  allergic  Th2  responses.  Our  studies  clearly  demonstrated  that  administration  of  chitin 
particles  resulted  in  blocking  the  production  of  IL-10  and  COX-2/PGE2biosynthesis,  enhancing  relative  Thl 
responses.  In  sharp  contrast,  bacterial  Thl  adjuvants  (heat-killed  Mycobacteirum  bovis  BCG,  CpG-ODN) 
enhances  both  IL-10  production  and  PGE2  release  in  vitro  (3-5).  Thus  chitin  may  be  the  most  potent  Thl 
adjuvant  presently  available  and  is  an  attractive  immunomodulator  for  allergic  asthma.  We  also  demonstrate 
that  HK-BCG  provides  distinctive  effects  between  in  vitro  and  in  vivo  studies  (6,  7).  Further  studies  to 
understand  the  adjuvant  effects  of  chitin  microparticles  are  needed. 

A  composition  and  method  for  the  preparation  of  micro-particles  of  chitin  (a  naturally  occurring  polymer  of  N- 
acetyl-D-glucosamine),  the  characterization  of  chitin  micro-particles  as  an  immune  adjuvant  and  the  use  of 
chitin  micro-particles  to  enhance  protective  immunity  against  intracellular  infectious  agents  and  diseases  as  well 
as  to  inhibit  allergic  responses  and  diseases.  We  have  established  a  method  to  produce  bioactive  chitin  micro¬ 
particles  at  scales  of  100  gram.  To  perform  Phase  I  clinical  trials,  a  large  scale  of  production  line  at  500  -  1,000 
gram  levels  is  needed.  We  plan  to  establish  the  scale-up  method  in  collaboration  with  Yaizu  Suisankagaku 
Industry  Co.  Ltd  (YSK),  Shizuoka,  Japan,  leading  similar  chitin  products. 
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Catalytically  Inactive  Cyclooxygenase  2  and  Absence  of 
Prostaglandin  E2  Biosynthesis  in  Murine  Peritoneal 
Macrophages  following  In  Vivo  Phagocytosis  of  Heat-Killed 
Mycobacterium  bovis  Bacillus  Calmette-Guerin* 1 


Makiko  Yamashita,*  Tsutomu  Shinohara,*  Shoutaro  Tsuji,*  Quentin  N.  Myrvik,  ’ 

Akihito  Nishiyama,*  Ruth  Ann  Henriksen,*  and  Yoshimi  Shibata2* 

Over  25  years  ago,  it  was  observed  that  peritoneal  macrophages  (IYI<f>)  isolated  from  mice  given  heat-killed  Mycobacterium  bovis 
bacillus  Calmette-Guerin  (HK-BCG)  i.p.  did  not  release  PGE2.  However,  when  peritoneal  !YI  if)  from  untreated  mice  are  treated 
with  HK-BCG  in  vitro,  cyclooxygenase  2  (COX-2),  a  rate-limiting  enzyme  for  PGE2  biosynthesis,  is  expressed  and  the  release  of 
PGE2  is  increased.  The  present  study  of  peritoneal  M  <f>  obtained  from  C57BL/6  mice  and  treated  either  in  vitro  or  in  vivo  with 
HK-BCG  was  undertaken  to  further  characterize  the  cellular  responses  that  result  in  suppression  of  PGE2  release.  The  results 
indicate  that  VI  treated  with  HK-BCG  in  vivo  express  constitutive  COX-1  and  inducible  COX-2  that  are  catalytically  inactive, 
are  localized  subcellularly  in  the  cytoplasm,  and  are  not  associated  with  the  nuclear  envelope  (NE).  In  contrast,  M  if)  treated  in  vitro 
express  catalytically  active  COX-1  and  COX-2  that  are  localized  in  the  NE  and  diffusely  in  the  cytoplasm.  Thus,  for  local  M  <f> 
activated  in  vivo  by  HK-BCG,  the  results  indicate  that  COX-1  and  COX-2  dissociated  from  the  NE  are  catalytically  inactive,  which 
accounts  for  the  lack  of  PGE2  production  by  local  M </>  activated  in  vivo  with  HK-BCG.  Our  studies  further  indicate  that  the 
formation  of  catalytically  inactive  COX-2  is  associated  with  in  vivo  phagocytosis  of  HK-BCG,  and  is  not  dependent  on  extracellular 
mediators  produced  by  in  vivo  HK-BCG  treatment.  This  attenuation  of  PGE2  production  may  enhance  M<f»-mediated  innate  and 
Thl-acquired  immune  responses  against  intracellular  infections  which  are  suppressed  by  PGE2.  The  Journal  of  Immunology, 
2007,  179:  7072-7078. 


Phagocytosis  of  intracellular  bacteria  by  macrophages 
(M<(>)3  results  in  cellular  activation  with  expression  of  cy- 
clooxygenase-2  (COX-2),  a  rate-limiting  enzyme  for 
PGE2  biosynthesis.  PGE2  down-regulates  innate  and  Thl-medi- 
ated  immune  responses  induced  by  bacteria  in  autocrine  and  para¬ 
crine  fashions.  For  example,  PGE2  inhibits  inducible  NO  syn- 
thase/NO  synthesis,  NAPDH  oxidase/superoxide  anion  release, 
and  IL-12/IL-18/TNF-Q:  synthesis  (1-3).  In  contrast,  PGE2  pro¬ 
motes  IL-10  production  by  M</>  (4,  5),  a  Thl-to-Th2  shift  of  ac¬ 
quired  immune  responses  (4,  5),  dendritic  cell  Ag  presentation  (6), 
regulatory  T  cell  differentiation  and  function  (7),  bone  marrow 
progenitor  cell  migration  via  the  CXCR4/stromal  cell-derived  fac¬ 
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tor-1  (CXCL12)  system  (8),  IL-23  production  (9),  and  M<(>  pro¬ 
duction  of  matrix  metalloproteinase  9  (10).  Regulation  of  these 
events,  therefore,  may  depend  on  the  regulation  of  PGE2  release  by 
COX-2+  M (f)  (11).  The  formation  of  these  PGE2-releasing,  acti¬ 
vated  M()>  (PGE2-M tj>)  appears  to  be  regulated  by  multiple  bacte¬ 
rial  and  host  factors,  including  the  tissue  origin  of  the  M()>  (12-14). 

Humes  et  al.  (15)  reported  for  the  first  time  in  1980  that  PGE2 
release  by  peritoneal  M(/>  isolated  from  mice  that  are  given  heat- 
killed  Mycobacterium  bovis  bacillus  Calmette-Guerin  (HK-BCG) 
or  HK-Corynebacterium  parvum  ( Propionibacterium  acnes)  i.p.  is 
significantly  reduced  compared  with  that  released  by  untreated 
peritoneal  Mc)>.  Studies  by  other  groups  including  our  own  con¬ 
firmed  this  phenomenon  (13,  16,  17).  Because  peritoneal  M<f>  elic¬ 
ited  by  i.p.  HK-C.  parvum  in  both  monocytopenic  and  control  mice 
show  diminished  PGE2  biosynthesis,  the  phenomenon  is  not  de¬ 
pendent  on  monocyte-derived  M<(>  migration  but  rather  is  depen¬ 
dent  on  the  direct  interaction  between  local  M<(>  and  bacteria  (13). 
A  precise  explanation  for  the  suppression  of  PGE2  release  has  not 
been  established.  In  sharp  contrast  to  long-held  views,  recent  stud¬ 
ies  indicate  that  in  vitro  these  bacteria  induce  COX-2  expression 
and  PGE2  biosynthesis  by  various  M<)>  preparations  including  nor¬ 
mal  peritoneal  M<)),  blood  monocytes,  and  M<()  cell  lines  (18-26). 
Although  the  regulation  of  COX-1  and  COX-2  expression  has 
been  extensively  studied  (27),  exact  mechanisms  for  regulation  of 
PGE2  biosynthesis  by  M<(>  activated  with  HK-BCG  in  vitro  or  in 
vivo  are  still  unclear  (12). 

PGE2  biosynthesis  is  initiated  by  activation  of  phospholipase  A2 
(PLA2)  to  release  arachidonic  acid  (AA),  which  is  metabolized  by 
constitutive  COX- 1  and  inducible  COX-2  yielding  PGH2,  which  is 
converted  to  PGE2  by  cytosolic  PGE  synthase  or  microsomal 
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PGES  (28,  29).  Catalytically  active  COX-1  and  COX-2  are  local¬ 
ized  in  the  nuclear  envelop  (NE)  and  endoplasmic  reticulum  (ER) 
of  PGE2-releasing  cells  (30-32).  More  recent  studies  have  sug¬ 
gested  that  for  functional  coupling  and  PGE2  biosynthesis,  cyto¬ 
solic  PLA2,  COXs,  and  PGESs  appear  to  be  localized  in  the  pe¬ 
rinuclear  region  (28,  33). 

Previously,  we  demonstrated  that  i.p.  administration  of  HK- 
BCG  results  in  at  least  two  different  forms  of  COX-2+  splenic 
M(£:  M(/>  obtained  beginning  at  1  day  following  HK-BCG  treat¬ 
ment,  which  have  catalytically  inactive  COX-2  dissociated  from 
the  NE  and  do  not  release  PGE2,  and  M</>  obtained  7  days  follow¬ 
ing  treatment  which  have  catalytically  active  COX-2  localized  at 
the  NE  and  release  PGE2.  The  dissociation  of  COX-2  from  the  NE 
is  associated  with  in  vivo  phagocytosis  of  HK-BCG  (34).  Although 
capable  of  phagocytosis,  the  splenic  M(£  expressing  catalytically 
active  COX-2  do  not  contain  intracellular  HK-BCG  ( 14,  34).  Nei¬ 
ther  of  these  COX-2+  M(/>  subsets  can  be  induced  in  vitro,  where 
only  catalytically  active  COX-2+  M<£  are  seen,  and  only  in  the 
presence  of  phagocytosed  HK-BCG  (34).  Because  formation  of 
splenic  and  peritoneal  PGE2-M</>  have  distinct  features  (13),  we 
sought  to  determine  whether  catalytically  inactive  COX-2  is  in¬ 
duced  in  peritoneal  M<)>  that  phagocytose  HK-BCG  in  vivo.  We 
found  that  endogenous  factors  involved  in  phagocytosis  of  HK- 
BCG  in  vivo,  but  not  extracellular  signaling  molecules  produced 
locally  by  HK-BCG,  are  responsible  for  regulating  the  subcellular 
localization  COX-2. 

Materials  and  Methods 

Animals 

Nonpregnant  female  C57BL/6  mice,  8-14  wk  old,  were  obtained  from 
Harlan  Breeders.  Mice  were  maintained  in  barrier-filtered  cages  and  fed 
Purina  laboratory  chow  and  tap  water  ad  libitum.  Experimental  protocols 
used  in  this  study  were  approved  by  the  Institutional  Animal  Care  and  Use 
Committee  at  Florida  Atlantic  University. 

Intraperitoneal  administration  of  HK-BCG,  HK-C.  parvum, 
or  LPS 

As  described  previously  (35),  cultured  M.  bovis  BCG  Tokyo  172  strain 
were  washed,  autoclaved,  and  lyophilized.  This  HK-BCG  powder  was  sus¬ 
pended  in  pyrogen-free  saline  and  dispersed  by  brief  (10  s)  sonication 
immediately  before  use.  These  HK-BCG  preparations  contained  undetect¬ 
able  levels  of  endotoxin  (<0.03  endotoxin  units/ml),  as  determined  by  the 
Limulus  amebocyte  lysate  assay  (Sigma-Aldrich)  (35).  Groups  of  mice 
(three  per  group)  received  1,  0.1,  or  0.01  mg  of  HK-BCG  (5  X  108  bacilli/ 
mg)  i.p..  Controls  received  0.1  ml  of  saline.  Peritoneal  lavage  was  per¬ 
formed  at  6  or  24  h.  As  comparison  controls,  peritoneal  were  also 
obtained  from  mice  given  1  mg  of  HK-C.  parvum  (13)  or  100  pg  of  LPS 
(Escherichia  co//:0111:B4,  phenol;  Sigma-Aldrich)  i.p.  The  schedules 
were  identical  with  those  used  for  HK-BCG. 

Peritoneal  M(f)  preparation  and  treatment  with  HK-BCG, 

HK-C.  parvum,  or  LPS  in  vitro 

Peritoneal  lavage  was  performed  as  previously  described  (13).  Nucleated 
peritoneal  cells  were  counted  in  a  Coulter  counter  (model  Zl;  Beckman 
Coulter).  Differential  cell  counts  were  performed  on  cytospin  preparations 
(Shandon  Southern  Instruments)  stained  with  Diff-Quik.  To  enrich  plastic- 
adherent  M </>,  peritoneal  cells  at  1  X  106  cells/ml  suspended  in  RPMI  1640 
plus  5%  FBS  were  incubated  in  culture  dishes  (Falcon)  for  2  h.  Nonad¬ 
herent  cells  (lymphocytes)  were  removed  by  washing  with  warmed  me¬ 
dium.  Adherent  cells  were  cultured  with  100  /xg/ml  HK-BCG,  HK-C.  par¬ 
vum,  or  1  pg/m\  LPS  for  an  additional  6  or  24  h.  In  some  experiments, 
plasma  and  cell-free  peritoneal  lavage  fluid  isolated  from  the  HK-BCG- 
treated  mice  were  added  to  peritoneal  M </>  cultures  with  HK-BCG. 

Cocultures  of  peritoneal  M(j)  treated  with  HK-BCG  in  vitro  and 
in  vivo 

Peritoneal  M(J)  were  labeled  with  1  pM  carboxy fluorescein  diacetate 
(CFDA;  Molecular  Probes)  at  37°C  for  15  min  and  washed  with  RPMI 
1640  plus  5%  FBS.  CFDA-labeled  M</>  (106  cells/ml)  were  cultured  with 


100  pg/ ml  HK-BCG  for  6  h  and  mixed  with  peritoneal  cells  at  106  cells/ml 
isolated  from  mice  in  which  1  mg  of  HK-BCG  was  given  i.p.  6  h  before 
harvest.  The  mixed  cells  were  cultured  for  an  additional  18  h. 

PGE2  assay 

For  assay  of  PGE2  release,  plastic  adherent  peritoneal  M(j>  (1  X  106  cells/ 
ml)  were  cultured  in  serum-free  RPMI  1640  with  1  pM  calcium  ionophore 
A23187  (Sigma-Aldrich)  for  2  h.  PGE2  levels  in  the  culture  supernatants 
were  measured  by  competitive  ELISA  (Cayman  Chemical). 

Subcellular  localization  of  COX-1  and  COX-2  by  confocal 
microscopy 

Peritoneal  M </>  prepared  as  described  above  were  fixed  with  4%  parafor¬ 
maldehyde  in  PBS  for  30  min.  The  fixed  cells  were  permeabilized  with 
0.1%  Triton  X-100  in  PBS  for  5  min  and  incubated  in  blocking  buffer 
consisting  of  PBS  with  10%  FBS  for  3  h  at  22°C  before  incubation  with 
anti-COX-1  or  anti-COX-2  Ab  (Cayman  Chemical),  1:500  in  blocking 
buffer,  overnight  at  4°C.  Subsequently,  cells  were  washed  with  PBS  three 
times  and  incubated  with  FITC-conjugated  donkey  anti-rabbit  IgG  (1:500; 
Jackson  ImmunoResearch  Laboratories)  for  1  h  at  22°C.  For  detection  of 
nuclei  and  HK-BCG,  propidium  iodine  (PI)  was  mixed  at  10  /Lig/ml  with 
the  secondary  Ab  solution.  After  washing  three  times,  cells  were  examined 
with  a  laser  scanning  confocal  microscope  (Bio-Rad  Radiance  2100).  The 
images  were  processed  with  Adobe  Photoshop  software. 

Subcellular  fractionation 

The  method  for  subcellular  fractionation  was  modified  from  that  published 
previously  (36).  Peritoneal  M </>  prepared  above  were  resuspended  in  0.1  M 
Tris-HCl  (pH  7.5),  disrupted  with  a  Dounce  homogenizer,  and  forced 
through  26-gauge  needles  on  ice.  Disruption  of  cellular  membranes  was 
verified  by  microscopic  examination.  Cellular  debris  was  removed  by  low- 
speed  centrifugation  (700  X  g  for  10  min),  and  the  supernatants  were 
further  centrifuged  at  10,000  X  g  for  10  min  to  collect  nuclei.  The  resulting 
supernatants  were  subjected  to  ultracentrifugation  at  100,000  X  g  for  90 
min  to  isolate  microsomal  membrane  and  cytosolic  fractions.  Nuclear  and 
membrane  fractions  were  resuspended  in  0.1  M  Tris-HCl  (pH  7.5).  Protein 
concentrations  were  measured  with  a  bicinchoninic  acid  assay  (Pierce)  and 
BSA  as  standard. 

COX  activity  assay 

The  peroxidase  component  of  COX  in  isolated  cellular  fractions  was  mea¬ 
sured  with  a  COX  assay  kit  (Cayman  Chemical)  briefly  as  follows.  The 
activity  was  determined  with  AA  as  a  substrate  and  N, N, N' , A'-tetramethyl- 
p-phenylenediamine  (TMPD)  as  cosubstrate.  Equal  amounts  of  protein  (20 
pg)  were  incubated  at  25  °C  in  a  reaction  mixture  consisting  of  A  A,  TMPD, 
and  heme  in  0.1  M  Tris-HCl  (pH  7.5).  The  absorbance  change,  due  to 
oxidation  of  TMPD  during  the  initial  5  min,  was  measured  at  590  nm.  The 
specific  enzyme  activities  were  calculated  and  indicated  as  nanomoles  per 
minute  per  milligram. 

Western  blot  analysis 

Peritoneal  M (J),  prepared  as  described  above,  were  washed  three  times  with 
cold  saline.  Washed  cells  were  resuspended  in  lysis  buffer  (50  mM  Tris- 
HCl  (pH  7.5),  150  mM  NaCl,  4  mM  EDTA,  0.1%  SDS,  1:500  protease 
inhibitor  mixture  (P8340;  Sigma-Aldrich)),  1%  Nonidet  P-40,  and  1%  so¬ 
dium  deoxycholate).  Debris  was  eliminated  by  centrifugation  (10  min, 
10,000  X  g).  Protein  concentration  in  the  lysate  was  measured  with  a 
bicinchoninic  acid  assay  (Pierce)  and  BSA  as  standard.  Equal  amounts  of 
protein  from  each  sample  were  separated  by  SDS-PAGE.  Proteins  were 
then  transferred  to  a  polyvinylidene  difluoride  membrane  (Millipore).  The 
membrane  was  blocked  with  10%  nonfat  dry  milk  and  incubated  with  Abs 
(anti-COX-1,  1:2,000;  anti-COX-2,  1:4,000  (Cayman  Chemical);  anti- 
GAPDH,  1:4,000  (Novus  Biologicals)  for  the  detection  of  GAPDH  as  con- 
stitutively  expressed  protein  control)  in  5%  nonfat  dry  milk,  overnight  at 
4°C.  Following  incubation  with  peroxidase-conjugated  donkey  anti-rabbit 
IgG  (1:20,000;  Jackson  ImmunoResearch  Laboratories),  proteins  were  de¬ 
tected  by  chemiluminescence  (ECL  plus;  Amersham)  following  the  man¬ 
ufacturer’s  instructions. 

Statistics 

Data  for  PGE2  release  were  analyzed  by  one-way  ANOVA.  For  cell  culture 
studies,  tissues  isolated  from  at  least  three  mice  were  pooled  unless  indi¬ 
cated;  these  cells  were  cultured  in  at  least  triplicate  in  each  group.  Differ¬ 
ences  between  mean  values  for  the  COX  activity  assays  were  analyzed  by 
Student’s  t  test  with  Statcel  software.  A  value  of  p  <  0.05  is  considered 
statistically  significant. 
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In  vitro  In  vivo 

FIGURE  1.  Differential  PGE2  biosynthesis  by  M</>  treated  in  vitro  or  in 
vivo  with  HK-BCG.  For  in  vivo  HK-BCG  treatment,  groups  of  C57BL/6 
mice  received  1  mg  of  HK-BCG  i.p.  After  6  or  24  h,  peritoneal  lavage  cells 
were  harvested.  For  in  vitro  HK-BCG  treatment,  normal  resident  peritoneal 
Me ft  were  incubated  with  100  p g/ml  HK-BCG  for  6  or  24  h,  and  cells  were 
harvested.  C  indicates  cells  exposed  to  saline  for  24  h.  To  determine  PGE2 
release,  the  Me ft  suspension  (106/ml)  was  stimulated  with  1  jtiM  A23187 
(■)  or  medium  (□),  for  2  h.  PGE2  was  assayed  by  ELISA.  Mean  ±  SD, 
n  =  3.  *,  p  <  0.005  compared  with  C  (saline)  in  the  same  group.  #,  p  < 
0.005  and  ##,  p  <  0.0005  compared  with  the  corresponding  in  vitro  group, 
respectively. 


Results 

Difference  in  PGE2  release  from  peritoneal  M(f  treated  in  vivo 
or  in  vitro  with  HK-BCG 

Intraperitoneal  administration  of  1  mg  of  HK-BCG  was  chosen  to 
achieve  an  inflammatory  response  in  mice  like  that  associated  with 
mycobacterial  infection.  This  dose  was  also  used  previously  to 
induce  splenic  PGE2-M<)>  resulting  in  a  Thl-to-Th2  shift  of  im¬ 
mune  response  (5).  Previous  in  vitro  studies  showed  that  Mc/> 
phagocytose  mycobacteria  through  TLR2  and  that  expression  of 
COX-2  and  PGE2  biosynthesis  are  dependent  on  MAPK  and 
NF-kB  activation  (19).  Results  shown  in  Fig.  1  indicate  a  differ¬ 
ence  in  PGE2  production  by  peritoneal  M<(>  dependent  on  expo¬ 
sure  to  HK-BCG  in  vitro  or  in  vivo.  Calcium  ionophore 
A23187-elicited  production  of  PGE2  by  resident  peritoneal  M<(> 
treated  in  vitro  with  HK-BCG  is  increased  at  6  and  24  h,  but  is 
unchanged  following  in  vivo  treatment  (Fig.  1,  ■).  At  6  h,  the 
constitutive  production  of  PGE2  by  peritoneal  M<)>  treated  in 
vitro  with  HK-BCG  is  also  increased,  but  is  suppressed  for  cells 
treated  in  vivo  (Fig.  1,  □). 

Distinct  subcellular  localization  of  COX  in  M(j>  activated  with 
HK-BCG  in  vivo  and  in  vitro 

We  determined  the  COX  levels  in  peritoneal  M<(>  activated  with 
HK-BCG  in  vivo  and  in  vitro.  As  shown  in  Fig.  2,  in  vitro  treat¬ 
ment  of  peritoneal  M<j>  resulted  in  increased  COX-2  levels,  without 
a  change  in  COX-1.  In  contrast,  for  Mt/>  from  mice  treated  with  1 
mg  of  HK-BCG  in  vivo,  an  increase  in  COX-2  was  accompanied 
by  a  decrease  in  COX-1  (Fig.  2).  The  results  were  similar  at  6  and 
24  h. 

We  further  determined  the  subcellular  localization  of  COX-2  by 
confocal  microscopy.  As  shown  in  Fig.  3,  M</>  activated  in  vitro 
expressed  COX-2  that  was  localized  in  the  NE.  In  contrast.  Me/) 
activated  in  vivo  had  a  dense  form  of  COX-2  distributed  in  the 
cytoplasm,  but  not  localized  in  the  NE  (Fig.  3).  COX-1  in  un¬ 
treated  Mtj>  was  consistently  expressed  in  the  NE  and  ER,  which 


In  vitro  In  vivo 


FIGURE  2.  The  detection  of  COX-1  and  COX-2  in  M  <b  treated  in  vitro 
or  in  vivo  with  HK-BCG.  Peritoneal  M tb  treated  in  vivo  or  in  vitro  with 
HK-BCG  were  prepared  as  indicated  in  Fig.  1.  COX-1,  COX-2,  and 
GAPDH  were  determined  by  Western  blotting  as  indicated  in  Materials 
and  Methods.  GAPDH  bands  show  equivalent  loading  of  samples. 


was  not  changed  for  Mt/>  treated  in  vitro.  However,  when  M<f>  were 
activated  in  vivo,  COX-1  appeared  as  the  dense  form  dissociated 
from  the  NE  with  a  pattern  similar  to  that  seen  for  COX-2  (Fig.  4). 

Differential  COX  distribution  in  M(j>  subcellular  fractions 

To  further  confirm  that  COX-2  dissociated  from  the  NE  is  cata- 
lytically  inactive,  peritoneal  M<(>  treated  in  vivo  with  1  mg  of  HK- 
BCG  were  homogenized  and  subjected  to  differential  centrifuga¬ 
tion.  For  M<(>  activated  in  vitro,  relatively  more  COX  protein  and 
activity  were  detected  in  the  nuclear  and  membrane  fractions  than 
in  the  cytosolic  fraction  (Fig.  5).  The  profiles  of  COX-1  and 
COX-2  distribution  are  similar  to  previous  reports  using  various 
PGE2-releasing  cells  (36,  37).  In  contrast,  COX  protein  isolated 
from  M<f>  treated  in  vivo  was  predominantly  detected  in  the  mem¬ 
brane  fraction  (Fig.  5A),  but  the  COX  activity  was  not  greater  than 
the  background  level  seen  in  the  nuclear  and  cytosolic  fractions 
(Fig.  5 B). 

Taken  together,  these  results  indicate  that,  following  in  vivo 
treatment  with  1  mg  of  HK-BCG,  COX-1  and  COX-2  are  disso¬ 
ciated  from  the  NE  and  catalytically  inactive.  It  appears  that  these 


In  vitro 


In  vivo 


Untreated  HK-BCG  Untreated  HK-BCG 


FIGURE  3.  Subcellular  localization  of  COX-2  in  peritoneal  M d>  after 
HK-BCG  treatment.  Peritoneal  M(f>  treated  in  vivo  or  in  vitro  with  HK- 
BCG  for  24  h  were  prepared  as  indicated  in  Fig.  1 .  Cells  were  examined  by 
confocal  microscopy  following  staining  with  anti-COX-2  (green)  and  PI 
(red)  for  the  nucleus.  HK-BCG  is  also  stained  by  PI. 
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In  vitro  In  vivo 


Untreated  HK-BCG  Untreated  HK-BCC 


FIGURE  4.  Subcellular  localization  of  COX-1  in  peritoneal  Me/)  after 
HK-BCG  treatment.  Peritoneal  M e/)  treated  in  vivo  or  in  vitro  with  HK- 
BCG  for  24  h  were  prepared  as  indicated  in  Fig.  1 .  Cells  were  examined  by 
confocal  microscopy  following  staining  with  anti-COX-1  (green)  and  PI 
(red)  for  the  nucleus.  HK-BCG  is  also  stained  by  PI. 


inactive  forms  may  be  associated  with  aggregation  of  COX  pro¬ 
tein.  In  contrast,  peritoneal  M </>  exposed  to  HK-BCG  in  vitro  ex¬ 
pressed  both  COX  protein  and  activity  in  the  nuclear  and  mem¬ 
brane  fractions. 


^  In  vitro  In  vivo 

N  M  C  N  M  C 

COX-1  —  - 


COX-2 


In  vitro  In  vivo 

FIGURE  5.  Distribution  and  activity  of  COX  in  subcellular  fractions. 
Peritoneal  Me/)  treated  with  HK-BCG  in  vitro  or  in  vivo  for  24  h  as  indi¬ 
cated  in  Fig.  1  were  homogenized  and  separated  into  nuclear  (N),  mem¬ 
brane  (M),  and  cytosolic  (C)  fractions  by  differential  centrifugation  as  de¬ 
tailed  in  Materials  and  Methods.  A,  Protein  (20  /xg)  in  each  fraction  was 
used  for  COX-1  and  COX-2  detection  by  Western  blotting.  B,  The  COX 
activity  in  each  fraction  was  measured  by  using  a  COX  assay  kit  (Cayman 
Chemical)  following  the  manufacturer’s  instructions.  The  specific  enzyme 
activities  were  calculated  and  indicated  as  nanomoles  per  minute  per  mil¬ 
ligram.  Mean  ±  SD,  n  =  3.  *,/?  <  0.001  compared  with  the  activity  of  the 
corresponding  in  vitro  fraction. 


untreated  24  h  24h  2h  6h  24  h 


mg  HK-BCG  0.01  0.1  1.0 

FIGURE  6.  Time  and  HK-BCG  dose  dependence  of  COX-1  localiza¬ 
tion.  Groups  of  C57BL/6  female  mice  (three  per  group)  received  0.01,  0.1, 
or  1  mg  of  HK-BCG  i.p.  on  day  0.  Peritoneal  lavage  cells  were  harvested 
at  times  indicated.  Subcellular  localization  of  COX-1  as  well  as  identifi¬ 
cation  of  intracellular  HK-BCG  were  performed  by  confocal  microscopy  as 
described  under  Materials  and  Methods.  Mean  ±  SE,  n  =  3.  Percentage  of 
COX-l+  M (f)  (■),  percentage  of  Me p  with  NE-dissociated  COX-1  (□), 
percentage  of  Me/)  with  NE-dissociated  COX-1  and  Pl-stained  BCG  (H), 
percentage  of  M </>  with  NE-associated  COX-1  (■),  and  percentage  of  Me/) 
with  NE-associated  COX-1  and  Pi-stained  BCG  (■). 


Kinetics  of  COX  localization  and  phagocytosis  of  HK-BCG 

To  determine  the  kinetics  of  the  subcellular  translocation  of 
COX-1  and  expression  of  COX-2,  peritoneal  M (f>  were  harvested 
at  2,  6,  and  24  h  after  i.p.  administration  of  1  mg  of  HK-BCG.  The 
localization  of  COX-1  and  COX-2  in  each  sample  was  analyzed  by 
confocal  microscopy.  Fig.  6  shows  that  97%  of  untreated  perito¬ 
neal  M e/>  expressed  COX-1,  whereas  COX-1 +  Me/>  were  reduced  to 
56,  53,  and  47%  at  2,  6,  and  24  h  after  treatment  with  1  mg  of 
HK-BCG.  This  reduction  corresponds  to  the  reduced  COX-1  pro¬ 
tein  levels  determined  by  Western  blot  (Fig.  2).  The  percentage  of 
COX-1  present  in  the  NE-dissociated  dense  form  increased  from 
52%  (30%  of  total  cells)  at  2  h  until  at  24  h  nearly  all  COX-1  (44% 
of  total  cells)  was  in  this  form.  Interestingly,  >90%  of  the  NE- 
dissociated  (dense  form)  COX-l+  M e/)  had  phagocytosed  HK- 
BCG  that  was  stained  by  PI  (Fig.  6).  We  previously  demonstrated 
that  HK-BCG  stained  with  PI  are  almost  totally  costained  with 
anti-BCG  Abs  (34). 


untreated  24  h  24h  2h  Sh  24  h 


mg  HK-BCG  0.01  0.1  1.0 

FIGURE  7.  Time  and  HK-BCG  dose  dependence  of  COX-2  localiza¬ 
tion.  Groups  of  C57BL/6  female  mice  (three  per  group)  received  0.01,  0.1, 
or  1  mg  of  HK-BCG  i.p.  on  day  0.  Peritoneal  lavage  cells  were  harvested 
at  times  indicated.  Subcellular  localization  of  COX-2  as  well  as  identifi¬ 
cation  of  intracellular  HK-BCG  were  performed  by  confocal  microscopy  as 
described  under  Materials  and  Methods.  Mean  ±  SE,  n  =  3.  Percentage  of 
COX-2+  Me p  (H),  percentage  of  Me p  with  NE-dissociated  COX-2  (□), 
percentage  of  Me/)  with  NE-dissociated  COX-2+  and  Pl-stained  BCG  (H), 
percentage  of  Me/)  with  NE-associated  COX-2  (■),  and  percentage  of  Me/) 
with  NE-associated  COX-2  and  Pl-stained  BCG  (^). 
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Table  I.  The  effects  of  peritoneal  fluid  isolated  from  HK-BCG-treated  mice  on 
in  vitro 

the  localization  of  COX-2 

Cocultures 

COX-2  Localization" 

Responders  with 
HK-BCG  in  vitro6 

Additive  from 
HK-BCG-treated  mice" 

CFDA-M  (f) 

Unlabeled  M<£ 

Unlabeled  M </> 
Unlabeled  Mf> 
Unlabeled  Mtj1) 
CFDA  M  4> 

RPMI  1640 

Peritoneal  fluid 

Sera 

Peritoneal  cells 

N/A 

N/A 

N/A 

100%  NE  associated 

100%  NE  associated 

100%  NE  associated 
100%  NE  associated 
100%  NE  dissociated 

"  Cells  were  stained  with  Ab  to  COX-2  and  examined  by  confocal  microscopy.  Percentage  of  COX-2+  M (f>  with  NE- 
associated  COX-2  or  with  NE-dissociated  COX-2  is  indicated. 

b  Peritoneal  M<j>  at  106  cells/ml  were  labeled  in  vitro  with  CFDA  or  media  (unlabeled),  and  stimulated  with  100  /xg/ml 
HK-BCG  for  6  h  before  transferring  additive. 

c  Mice  received  1  mg  of  HK-BCG  i.p.  After  6  h,  peritoneal  lavage  was  performed  with  1  ml  of  cold  serum-free  RPMI  1640 
and  the  lavage  fluid  was  centrifuged  to  isolate  cells  from  the  peritoneal  fluid.  Sera  were  also  harvested.  As  stimulators,  106 
peritoneal  cells/ml,  20%  peritoneal  fluid  or  20%  sera  were  added  to  the  in  vitro  responder  cells.  These  mixtures  were  cultured 
for  an  additional  18  h. 


COX-2,  which  was  present  in  <1%  of  untreated  cells,  was  seen 
in  60%  of  M(£  at  2  h  with  the  NE-dissociated  dense  form  present 
in  41%  of  these  cells  (25%  of  total  cells)  (Fig.  7).  These  NE- 
dissociated  (dense  form)  COX-2+  cells  increased  to  >90%  of 
COX-2+  cells  (70%  of  total  cells)  at  6  h.  As  for  COX-1,  most  (95, 
95,  and  93%  at  2,  6,  and  24  h,  respectively)  of  expressing 
NE-dissociated  COX-2  contained  intracellular  Pi-stained  HK- 
BCG.  Figs.  6  and  7  also  show  that,  at  24  h,  COX-1  was  lost  from 
half  of  the  cells  originally  containing  COX-1,  and  at  the  same  time 
81%  of  cells  now  express  COX-2.  The  results  further  suggest  that 
some  cells  contain  both  isoforms  of  COX. 

Dose  dependence  of  COX  localization 

The  subcellular  translocation  of  COX-1  and  localization  of  COX-2 
were  also  investigated  at  lower  doses  of  HK-BCG  (0.1  or  0.01 
mg).  The  results  shown  in  Fig.  6  indicate  that  the  fractions  of 
M  (^-expressing  COX-1  and  NE-associated  COX-1  are  both  re¬ 
duced  dose  dependently  at  24  h.  Intracellular  HK-BCG  was  de¬ 
tected  in  over  80%  of  NE-dissociated  (dense  form)  COX-l+  Mt(> 
(Fig.  6).  Our  results  clearly  indicate  that  the  NE-dissociated  (dense 
form)  COX-1  pattern  is  associated  with  phagocytosis  of  HK-BCG. 

At  24  h,  there  were  44  or  35%  COX-2+  M(/>  in  response  to  0.1 
or  0.01  mg  of  HK-BCG,  respectively,  compared  with  81%  at  1  mg 
of  HK-BCG  (Fig.  7).  M<£  with  NE-dissociated  (dense  form) 
COX-2  increased  dose-dependently  to  98%  of  total  COX-2+  Me/) 
at  1  mg  of  HK-BCG.  At  all  doses,  nearly  all  of  these  NE-disso¬ 
ciated  COX-2+  cells  contained  Pi-stained  intracellular  HK-BCG. 
Although  this  was  the  predominant  COX-2+  phenotype  in  re¬ 
sponse  to  1  mg  of  HK-BCG  at  24  h,  there  were  a  few  cells  ob¬ 
served  with  NE-associated  COX-2  containing  HK-BCG  (Fig.  7). 
Thus,  in  vivo  treatment  with  1  mg  of  HK-BCG  resulted  in  a  dra¬ 
matic  shift  from  NE-associated  COX-1  to  NE-dissociated  and  cat- 
alytically  inactive  COX-2  at  24  h. 

Intraperitoneal  administration  of  HK-C.  parvum  and  LPS 
induces  NE-dissociated  and  -associated  COX-2,  respectively,  in 
peritoneal  M<f 

Additional  studies  following  intraperitoneal  administration  of  bac¬ 
terial  endotoxin  (LPS)  or  HK-C.  parvum  showed  that  soluble  LPS 
induced  catalytically  active  NE-associated  COX-2,  and  HK-C. 
parvum  induced  catalytically  inactive,  NE-dissociated  COX-2  at 
24  h  (data  not  shown).  These  results  further  support  the  conclusion 
that  NE-dissociated  (dense  form)  COX-2  expression  depends  on 
phagocytosis. 


The  effects  of  peritoneal  fluid  isolated  from  HK-BCG-treated 
mice  on  localization  of  COX-2  in  vitro 

Our  results  suggest  that  extracellular  factors  produced  by  in  vivo 
HK-BCG  treatment  regulates  the  localization  of  COX-2  in  perito¬ 
neal  M(/>.  To  test  this  hypothesis,  CFDA-labeled  or  unlabeled  nor¬ 
mal  peritoneal  M<(>  were  challenged  with  HK-BCG  and  cocultured 
with  peritoneal  cells,  cell-free  peritoneal  fluid,  or  sera  isolated 
from  HK-BCG-treated  mice.  All  CFDA-labeled  M c/i  expressed 
NE-associated  COX-2  in  response  to  HK-BCG  in  vitro  and  the 
localization  was  unchanged  by  coculture  with  peritoneal  cells, 
peritoneal  fluid,  or  sera  from  HK-BCG-treated  mice  (Table  1)  or 
from  normal  mice  (data  not  shown).  Thus,  it  appears  that  extra¬ 
cellular  mediators  produced  by  HK-BCG  treatment  in  vivo  do  not 
induce  the  NE-dissociated  form  of  COX-2  in  M<(>  treated  in  vitro 
with  HK-BCG. 

Discussion 

NE-dissociated  COX 

It  is  well-established  that  catalytically  active  COX-2  is  localized  in 
the  NE/ER  of  activated  human  monocytes  and  umbilical  vein  en¬ 
dothelial  cells,  as  well  as  murine  NIH  3T3  cells,  and  splenic  M<(>, 
where  it  mediates  PGE2  biosynthesis  (30-32,  34).  However,  our 
present  and  previous  studies  (34)  demonstrate  that  most  splenic 
and  peritoneal  Mt(>  isolated  from  mice  24  h  after  receiving  1  mg  of 
HK-BCG  i.p.  express  catalytically  inactive  COX-2.  This  inactive 
COX-2  appears  as  a  densely  stained  structure  and  is  completely 
dissociated  from  the  NE.  Constitutively  expressed  COX-1  is  also 
detected  in  a  dense  form  dissociated  from  the  NE  in  these  M<(>. 
Thus,  catalytically  inactive  forms  of  COX-1  and  COX-2  are 
present,  without  PGE2  biosynthesis,  in  activated  splenic  (34)  and 
peritoneal  M<(>.  However,  it  is  of  particular  note  that  the  stimula¬ 
tion  of  normal  Mt(>  with  HK-BCG  in  vitro  results  in  expression  of 
catalytically  active  COX-2,  which  is  localized  in  the  NE/ER. 
Therefore,  factors  induced  in  vivo  by  HK-BCG  administration  are 
obligatory  for  establishing  the  catalytically  inactive  form  of  COX 
and  consequently  the  regulation  of  PG  production. 

Role  of  phagocytosis 

Another  provocative  finding  is  that  intracellular  HK-BCG  is  ob¬ 
served  in  nearly  all  NE-dissociated  COX-2+  peritoneal  M<f>  iso¬ 
lated  from  mice  24  h  after  i.p.  administration  of  HK-BCG  (Fig.  7). 
Thus,  phagocytosis  of  HK-BCG  in  the  local  tissues  is  significantly 
associated  with  expression  of  the  NE-dissociated  COX-2,  although 
there  are  a  few  COX-2+  Mt(>  without  intracellular  HK-BCG  and  a 
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few  COX-2-  M(/>  with  intracellular  HK-BCG  in  the  same  samples. 
These  and  our  earlier  studies  indicate  that  the  in  vivo  phagocytosis 
of  HK-BCG  by  M(£  in  various  tissues  results  in  the  formation  of 
catalytically  inactive  COX-2.  In  preliminary  studies  in  which  HK- 
BCG  was  administered  intranasally,  this  phenomenon  was  also 
demonstrated  in  alveolar  M 4>  (data  not  shown).  However,  for  mice 
receiving  lower  doses  of  HK-BCG,  M(/>  subsets  with  NE-associ- 
ated  (active)  COX-2  and  intracellular  HK-BCG  are  present  in  rel¬ 
atively  greater  numbers  in  peritoneal  (Fig.  7).  In  contrast, 
peritoneal  M</>  activated  in  vitro  with  HK-BCG  show  only  NE/ 
ER-associated,  catalytically  active  COX-2  with  intracellular 
HK-BCG. 

Furthermore,  our  studies  with  peritoneal  M(j>  in  culture  (Table  I) 
do  not  support  the  hypothesis  that  extracellular  factors  produced  in 
response  to  HK-BCG  in  the  peritoneal  cavity  or  present  in  sera 
regulate  the  subcellular  localization  of  COX  isozymes.  Thus,  it 
appears  that  other  endogenous  factors  associated  with  phagocyto¬ 
sis  in  vivo  but  not  in  vitro  are  important  for  the  formation  of 
catalytically  inactive  COX-2.  Because  the  coculture  studies  pre¬ 
sented  in  Table  I  were  performed  for  only  one  set  of  time  intervals, 
it  is  possible  that,  for  instance,  the  early  transient  expression  of  a 
particular  cellular  mediator  is  critical  for  regulating  the  subcellular 
location  of  COX  and  its  activity. 

As  presented  in  Fig.  5,  the  membrane  (M)  fraction  from  the  Mc/> 
treated  in  vivo  has  less  COX  activity  than  the  same  fraction  taken 
from  cells  treated  in  vitro,  despite  almost  equivalent  COX  protein 
levels.  This  suggests  that  either  1)  the  COX  isozymes  in  the  mem¬ 
brane  fractions  of  the  cells  treated  in  vivo  have  been  structurally 
modified,  rendering  them  less  active,  or  2)  there  is  a  nonstructural 
(biochemical)  basis  for  this  difference.  One  possibility  is  that  the 
reduction/oxidation  (redox)  states  of  the  membrane  fractions  differ 
between  M(/>  exposed  to  HK-BCG  in  vivo  and  those  exposed  in 
vitro.  The  activities  of  both  COX- 1  and  COX-2  are  modulated  by 
ambient  hydroperoxide  availability  (38).  It  may  be  speculated  that 
the  sequestered  NE-dissociated  COX  found  in  peritoneal  M<)>  from 
HK-BCG-treated  mice  is,  at  least  in  part,  a  consequence  of  a  low 
“peroxide  tone”  which  limits  COX  activity. 

COX  localization  in  other  studies 

Other  recent  studies  indicate  that  COX-2  localizes  not  only  to  the 
NE  but  also  other  subcellular  sites.  D’Avila  et  al.  (39)  have  re¬ 
ported  that  intrapleural  administration  of  live  BCG  induces  lipid¬ 
laden  pleural  M</>  in  a  TLR2-dependent  but  phagocytosis-indepen- 
dent  manner.  In  these  M$,  COX-2  is  expressed  and  localized  at 
lipid  bodies  within  24  h,  and  mediates  a  large  amount  of  PGE2 
synthesis.  For  phorbol  ester  (PMA)-stimulated  bovine  aortic  en¬ 
dothelial  cells,  Liou  et  al.  (40)  found  that  COX-2  is  present  in 
cytosolic  vesicle-like  structures,  and  that  PGI2  synthesis  by  these 
cells  is  not  enhanced.  In  PM  A-  and  IL-lj3-treated  fibroblasts,  cat¬ 
alytically  active  COX-2  is  found  in  the  plasma  membrane  colo¬ 
calized  with  caveolin  (41).  Girotti  et  al.  (42)  indicated  that  cata¬ 
lytically  active  COX-2  is  localized  in  the  phagosomes  of  peritoneal 
M(£  after  in  vitro  phagocytosis  of  zymosan  particles.  The  local¬ 
ization  of  cPLA2a  followed  by  COX-2  to  the  phagosome  corre¬ 
lated  with  the  time  course  of  PGE2  production,  suggesting  that  the 
phagosome  membrane  may  serve  as  a  site  for  release  of  AA  and 
prostanoid  production.  However,  the  magnitudes  of  PGE2  biosyn¬ 
thesis  at  the  phagosome  and  NE  were  not  reported  (42).  It  is  pre¬ 
dicted  that  without  colocalization  of  COX-2,  cPLA2a,  and  PGES, 
PGE2  synthesis  does  not  occur  and  COX-2  is  apparently  inactive. 
Thus,  regulation  of  COX-2  activity  associated  with  its  subcellular 
localization  appears  to  be  complex,  dependent  on  cell  types  and 
specific  activating  agents. 


COX-2  is  not  associated  with  phagosome 

In  our  study  using  activated  in  vivo,  the  dense  form  of  COX-2 
does  not  appear  to  be  directly  associated  with  intracellular  HK- 
BCG  (Fig.  3)  or  lysosome-associated  membrane  protein  1 -positive 
late  phagosomes  (data  not  shown).  Furthermore,  activation  of  M(/> 
in  vitro  also  indicated  that  there  is  no  direct  association  of  COX-2 
with  intracellular  HK-BCG  (Fig.  3).  Spencer  et  al.  (36)  demon¬ 
strated  in  their  mutation  analysis  of  COXs  that  the  mutant  proteins, 
which  lack  membrane  binding  domains  and  enzyme  activity,  are 
distributed  in  the  microsomal  fraction.  They  suggested  that  these 
mutant  proteins  are  mostly  present  as  unfolded  aggregates.  Al¬ 
though  the  membrane-binding  domains  of  COX- 1  and  COX-2  ap¬ 
pear  to  be  important  for  maintaining  their  catalytic  activity,  the 
mechanisms  underlying  NE  dissociation  and  enzyme  inactivation 
are  still  unknown. 

Role  of  COX-2  localization 

In  response  to  bacterial  components,  M<(>  become  bactericidal  with 
increases  in  NADPH  oxidase/superoxide  anion  release,  inducible 
NO  synthase/NO  production,  and  IL-12/TNF-o:  synthesis.  PGE2 
down-regulates  Th  1  responses  and  bactericidal  activity  toward  in¬ 
tracellular  organisms.  It  is  therefore  reasonable  to  speculate  that 
catalytically  inactive  COX-2 +  M</>  enhance  the  development  of 
bactericidal  activities  more  effectively  than  Mc)>  with  catalytically 
active  COX-2.  In  our  studies,  at  24  h  following  treatment  with  1 
mg  of  HK-BCG,  both  COX-1  and  COX-2  are  NE  dissociated  and 
inactive.  Compartmentalization  of  COX  might  aid  the  develop¬ 
ment  of  bactericidal  activity  by  placing  this  enzyme  in  a  location 
where  catalysis  cannot  occur.  Whether  additional  posttranslational 
modification  is  involved  in  this  regulation  of  COX  activity  is  not 
known. 

Conclusion 

Our  present  and  previous  findings  (12,  34)  indicate  that  normal 
peritoneal  and  splenic  treated  with  HK-BCG  in  vitro  express 
catalytically  active  COX-2  and  release  increased  amounts  of  PGE2 
within  24  h.  However,  administration  of  HK-BCG  activates  vari¬ 
ous  tissue  M()>  locally  and  systemically  to  express  either  catalyti¬ 
cally  active  or  inactive  COX-2,  dependent  on  route  of  administra¬ 
tion,  dose,  timing,  in  vivo  phagocytosis  and  the  presence  of  bone 
marrow-derived  PGE2-M(/>  progenitors,  which  localize  and  mature 
at  inflammatory  sites.  Although  more  studies  are  needed  to  eluci¬ 
date  regulatory  mechanisms  for  the  diversity  of  COX-2+  M</>  for¬ 
mation  in  vivo,  it  appears  that  the  distinct  COX-2+  M<f>  subsets 
may  play  pro-  and  anti-  inflammatory  roles. 
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ABSTRACT 


When  macrophages  phagocytose  chitin  (TV-acetyl-D-glucosamine  polymer)  microparticles, 

MAPK  are  immediately  activated  in  a  manner  dependent  on  phagosome  formation,  followed  by 
the  release  of  Thl  cytokines,  but  not  IL-10.  To  detennine  whether  phagocytosis  and  macrophage 
activation  in  response  to  chitin  microparticles  are  dependent  on  membrane  cholesterol, 
RAW264.7  macrophages  were  treated  with  methyl-P-cytodextrin  (MBCD)  to  remove  membrane 
cholesterol  and  stimulated  with  chitin  and  bacterial  components  including  two  heat-killed  (HK) 
microorganisms  and  an  oligodeoxynucleotide  of  bacterial  DNA  (CpG-ODN)  as  comparison 
controls.  The  treatment  did  not  alter  chitin  binding  or  the  phagocytosis  of  chitin  particles  20  min 
after  stimulation.  At  the  same  time,  however,  chitin-induced  phosphorylation  of  cellular  MAPK 
was  accelerated  and  enhanced  in  an  MBCD  dose  dependent  manner.  The  increased 
phosphorylation  was  also  observed  for  chitin  phagosome-associated  p38  and  ERK1/2.  In 
contrast,  CpG-ODN,  HK-Mycobacterium  bovis  BCG  or  HK  -Listeria  monocytogenes  induced 
activation  of  MAPK  in  MBCD-treated  cells  at  levels  comparable  to,  or  only  slightly  more  than, 
those  of  control  cells.  We  also  found  that  MBCD  treatment  enhanced  the  production  of  TNF-a 
and  the  expression  of  cyclooxygenase  2  (COX-2)  in  response  to  chitin  microparticles.  In  neither 
MBCD-  nor  saline-  treated  macrophages,  did  chitin  particles  induce  detectable  IL-10  mRNA 
synthesis.  CpG-ODN-induced  MAPK  phosphorylation,  TNF-a  production,  and  COX-2 
expression  were  less  sensitive  to  MBCD  treatment.  Among  the  inanimate  particles  studied,  our 
results  indicate  that  macrophage  activation  by  chitin  microparticles  was  most  sensitive  to 
cholesterol  depletion,  suggesting  that  membrane  structures  integrated  by  cholesterol  are 
important  for  physiologic  regulation  of  chitin  microparticle-induced  cellular  activation. 
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INTRODUCTION 


Mononuclear  phagocytes  (M0)  provide  the  first  immunologic  line  of  defense  through 
phagocytosis  of  microorganisms,  apoptotic  cells  and  inanimate  particles,  but  responses  differ 
among  these  agonists  dependent  primarily  on  engagement  of  different  plasma  membrane 
receptors  (6,  14,  35).  Our  previous  studies  (18,  29)  indicate  that  phagocytosis  of  chitin 
microparticles  (1-10  pm  A-acetyl-D-glucosamine  [GlcNAc]  polymer  particles),  a  seemingly 
inert  molecule,  by  murine  M0  results  in  the  activation  of  MAPK  (p38,  ERK1/2,  JNK)  followed 
by  the  development  of  innate  immunity  and  promotion  of  acquired  immune  responses  that 
mediate  cellular  activation  of  Type  1  helper  lymphocytes  (Thl)  and  M0.  Unlike  bacterial  Thl 
adjuvants  including  heat-killed  Mycobacterium  bovis  BCG  (HK-BCG),  bacterial  endotoxin  and 
CpG  oligonucleotides  (CpG-ODN),  chitin  microparticles  do  not  induce  IL-10,  a  Th2  cytokine 
that  down-regulates  Thl  adjuvant  activity  (18,  28,  29).  Therefore,  chitin  microparticles  may  be 
considered  a  unique  and  clinically  useful  Thl  adjuvant  (25,  28). 

However,  M0  activation  does  not  occur  when  chitin  phagocytosis  is  inhibited  by  cytochalasin  D 
(actin  polymerization  inhibitor),  or  in  response  to  soluble  chitin  or  non-phagocytosable  (>50  pm) 
chitin  (18,  29).  Thus,  although  GlcNAc  recognition  is  required,  intemalization/phagosome 
formation  during  the  phagocytosis  of  chitin  microparticles  are  also  necessary  for  the  observed 
MAPK  activation  and  development  of  a  Thl  response  (18,  29).  Literature  indicates  that 
membrane  lipids  including  cholesterol  are  likely  instrumental  in  the  remodeling  of  the  actin 
cytoskeleton  and  in  directing  membrane  traffic  during  the  formation  and  maturation  of 
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phagosomes  (39).  We  have  further  determined  whether  phagocytosis  of  chitin  microparticles 
resulting  in  early  MAPK  activation  is  dependent  on  membrane  cholesterol. 

Methyl-p-cyclodextrin  (MBCD)  removes  plasma  membrane  cholesterol  through  formation  of  a 
soluble  complex  with  cholesterol  that  results  in  disruption  of  plasma  membrane  detergent- 
resistant  cholesterol-rich  microdomains  (DRM)  including  caveolae  and  lipid  rafts  (31). 

Treatment  with  MBCD  is  widely  used  to  study  phagosome  fonnation  and  maturation  in 
phagocytosis-mediated  M0  defense  mechanisms  against  intracellular  bacteria.  For  example,  in 
the  phagocytosis  of  Salmonella  typhimurium  (2,  10),  Chlamydia  trachomatis  (19),  Brucella  spp. 
(17,  38),  M.  bovis  BCG  (4,  5,  1 1)  or  M.  kansasii  (22),  reduction  of  DRM  integrity  by  MBCD 
treatment  modifies  phagosome  formation,  and  the  enhanced  fusion  of  bacterial  phagosomes  with 
lysosomes  in  MBCD-treated  M 0  with  reduced  intracellular  survival  of  bacteria  has  been 
reported.  It  was  shown  that  mycobacterial  lipamide  dehydrase  C  interacts  with  actin  binding 
protein  coronin-1  on  the  phagosomal  membrane,  resulting  in  inhibition  of  maturation  of  the 
phagosome  to  a  bactericidal  phagolysosome,  and  that  this  interaction  is  cholesterol-dependent  (5). 

In  this  study,  we  have  investigated  the  contribution  of  M0  membrane  cholesterol  to  chitin 
phagocytosis,  phagosome  formation  and  chitin-induced  Thl  adjuvant  activity  using  MBCD- 
treated  RAW  264.7  M0.  We  found  that  the  initial  recognition  and  internalization  of  chitin 
particles  were  not  significantly  different  between  untreated  and  MBCD-treated  M0.  However, 
in  MBCD-treated  M0  compared  to  untreated  M0,  the  initial  activation  of  all  MAPK  family 
members  was  significantly  accelerated  and  enhanced  by  chitin  microparticles.  The  initial  phase 
of  MAPK  phosphorylation  in  MBCD-treated  cells  was  followed  by  significant  enhancement  of 
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TNF-a  and  COX-2,  but  not  IL-10,  production.  Treatment  with  MBCD  only  minimally  enhanced 
M0  activation  induced  by  CpG-ODN,  HK-BCG  or  HK -Listeria  monocytogenes. 
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MATERIALS  AND  METHODS 


Reagents  and  antibodies 

Chitin  powder  was  purchased  from  Sigma  (St.  Louis,  MO)  and  1-10  pm  and  >50  pm  chitin 
particles  and  1-10  pm  chitosan  (de-acetylated  chitin)  particles  were  prepared  as  described 
previously  (18,  29).  Soluble  chitin  oligosaccharide  was  provided  by  Kyowa  Technos  (Chiba, 
Japan).  Latex  beads  (1.1  pm,  polystyrene),  MBCD,  and  arachidonic  acid  (AA)  were  purchased 
from  Sigma.  CpG-ODN  (5’  TCC  ATG  ACG  TTC  CTG  ACG  TT  3’;  unmethylated)  with  a 
phosphorothioate  backbone  was  purchased  from  TriLink  (Sorrento  Mesa,  CA).  The  cultured 
bacteria  of  M.  bovis  BCG  Tokyo  172  strain  were  washed,  autoclaved,  and  lyophilized  (28). 
Listeria  monocytogenes  10403S  serotype  l/2a  was  grown  in  brain-heart  infusion  broth  (Difco)  at 
37°C.  The  bacteria  were  harvested  in  the  logarithmic  phase  of  growth,  incubated  at  60°C  for  60 
min,  washed  3  times  with  cold  saline.  All  stimulating  reagents  were  suspended  in  endotoxin-free 
saline  as  10  mg/ml  stock  solutions  and  aliquots  were  stored  at  -80°C.  MBCD  as  a  0.5  M  stock 
solution  in  endotoxin-free  saline  and  AA  as  a  100  mg/ml  stock  solution  in  100%  ethanol  were 
stored  at  -80°C  until  use.  Rabbit  polyclonal  antibodies  (Abs)  against  MAPK  (anti-p38,  anti- 
ERK1/2,  and  anti-JNK)  and  dual  phosphorylated  MAPK  (anti-p-p38,  anti-p-ERKl/2,  and  anti-p- 
JNK)  were  purchased  from  Cell  Signaling  Technology  (Beverly,  MA).  Rabbit  polyclonal  anti- 
COX-2  Ab  was  purchased  from  Cayman  Chemicals  (Ann  Arbor,  MI).  Rat  monoclonal  Abs 
against  F4/80,  Mac-1,  Fey  receptor  II/III  (FcyR),  scavenger  receptor  A  (SR-A;  2F8),  and  Toll¬ 
like  receptor  4  (TLR4)  were  purchased  from  BD  Biosciences  (San  Diego,  CA).  Rabbit 
polyclonal  anti-mannose  receptor  (MR)  Ab  was  a  gift  from  Dr.  Philip  Stahl,  Washington 
University  (St.  Louis,  MO). 
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Cholesterol  depletion  with  MBCD 

Murine  M0-like  RAW  264.7  cells  (American  Type  Culture  Collection,  Manassas,  VA)  were 
grown  and  maintained  in  RPMI  1640  containing  5%  heat-inactivated  fetal  bovine  serum  (FBS) 
as  described  previously  (18).  For  all  experiments  testing  MAPK  activation,  M0  were  incubated 
in  serum- free  RPMI  1640  at  37°C  for  2  h  to  achieve  serum  starvation  prior  to  MBCD  treatment. 
To  deplete  cholesterol,  M0  were  incubated  with  0  (saline),  1  or  5  mM  MBCD  at  37°C  for  1  h, 
prior  to  chitin  particle  stimulation.  Cell  viability  was  detennined  by  trypan  blue  exclusion  and 
lactate  dehydrogenase  (LDH)  release  according  to  the  manufacturer’s  instructions  (Cytotoxity 
Colorimetric  Assay  Kit,  Oxford  Biomedical  Research,  Oxford,  MI). 

Cytometric  detection  of  phagocytosed  chitin  particles  and  M0  surface  antigens 

For  chitin  binding  and  phagocytosis  assays  (32),  1-10  pm  chitin  particles  were  labeled  with 
fluorescein  isothiocyanate  (FITC).  Particles  (10  mg)  and  FITC  (0.1  mg)  were  mixed  and 
incubated  in  0.1  M  NaHC03  at  22°C  for  2  h.  Glycine  (final  1  M)  was  added  to  bind  free  FITC, 
after  which  labeled  particles  were  washed  and  suspended  in  saline  at  10  mg/ml.  To  assess  cell- 
surface  binding  of  chitin,  M0  were  incubated  with  100  pg/ml  FITC-chitin  particles  on  ice  for  30 
min.  Free  particles  were  removed  by  washing  three  times,  and  cellular  fluorescence  was 
measured  cytometrically  (BD  FACSCalibur  system  with  CELL  Quest™  acquisition  plus  analysis 
program;  Becton-Dickinson  Immunocytometry  Systems,  San  Jose,  CA).  To  confirm  that  M0 
binding  to  chitin  particles  was  not  altered  by  FITC,  an  excess  of  unlabeled  particles  (1,000 
pg/ml)  was  used  to  compete  with  FITC-chitin. 
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For  evaluation  of  phagocytosis,  M0  were  incubated  with  100  pg/ml  FITC-chitin  particles  at 
37°C  for  20  or  40  min.  Fluorescence  of  unphagocytosed  FITC-chitin  was  quenched  with  50  mM 
acetate-buffered  saline  (pH  4.5)  containing  2  mg/ml  trypan  blue,  and  the  fluorescence  intensity 
of  M0  with  intracellular  FITC-chitin  particles  was  measured  cytometrically.  The  presence  of 
intracellular  FITC-chitin  particles  was  further  confirmed  by  fluorescence  microscopy  (Provis 
AX70  Microscope  with  MagnaFire,  Olympus,  Center  Valley,  PA). 

Expression  of  F4/80,  Mac-1,  FcyR,  SR-A,  TLR4,  or  MR  on  M0  was  detennined  cytometrically 
as  indicated  previously  (27). 

MAPK  activation 

Western  blot  analyses  of  MAPK  phosphorylation  were  perfonned  as  described  previously  (18). 
Briefly,  M0  (106  /ml)  were  stimulated  with  each  agonist  or  saline  at  37°C  for  0,  10,  20,  30,  or  40 
min.  After  cell  lysis,  equal  amounts  of  cellular  protein  were  separated  by  SDS-PAGE  using 
SDS-1 1%  polyacrylamide  gel  and  then  electroblotted  onto  PVDF  membranes.  After  blocking 
the  membrane  with  non-fat  dry  milk,  proteins  were  stained  with  primary  Ab  (anti-p38,  anti- 
ERK1/2,  anti-JNK,  anti-p-p38,  anti-p-ERKl/2,  or  anti-p-JNK)  and  horseradish  peroxidase- 
conjugated  goat  anti-rabbit  IgG  (Jackson  ImmunoResearch,  West  Glove,  PA).  Stained  bands 
were  detected  by  chemiluminescence  (ECL  Western  Blotting  Detection  Reagents,  Amersham 
Biosciences,  Piscataway,  NJ)  according  to  the  manufacturer’s  instructions.  Intensity  of  specific 
bands  was  quantified  digitally  using  graphic  imaging  software  (NIH  Image  1.5). 
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Isolation  of  particle-associated  cellular  proteins 

MBCD-  or  saline-  treated  M0  (2  x  106/ml)  were  stimulated  with  100  pg/ml  1-10  pm  chitin 
particles  at  37°C  for  10,  20,  or  40  min,  washed  with  saline,  suspended  in  homogenization  buffer 
(50  mM  Tris-HCl,  pH  7.5,  0.32  M  sucrose,  10  mM  NaF,  1  mM  Na3VC>4,  5  mM  EDTA,  1:500 
protease  inhibitor  cocktail  [Sigma]),  and  homogenized  by  sonication  (20  s).  Particles  were 
isolated  from  lysates  by  centrifugation  (400  g,  4°C,  10  min)  and  washed  5  times  with  saline. 
Proteins  associated  with  the  particles  were  extracted  with  SDS-lysis  buffer  by  heating  at  95 °C 
for  5  min.  Total  and  phosphorylated  p38  and  ERK  1/2  as  well  as  lysosome-associated  membrane 
protein- 1  (LAMP-1)  were  detected  by  western  blotting  with  specific  antibodies  as  described 
above.  Typically,  approximately  1  pg  chitin-associated  protein  was  isolated  at  20  min  from  107 
saline-treated  M0.  The  recovery  rates  in  this  study  were  comparable  for  samples  with  or 
without  MBCD  treatment. 

Cytokine  production 

M0  (5  x  105  /ml)  were  stimulated  with  agonist  or  saline  at  37°C  for  3  h  (for  TNF-a)  and  24  h 
(for  IL-10).  TNF-a  and  IL-10  levels  in  culture  supernatants  were  measured  by  specific  two-site 
ELISA  (BD  Biosciences). 

IL-10  mRNA  expression 

M0  (5  x  105  /ml)  were  stimulated  with  agonist  or  saline  at  37°C  for  6  and  24  h.  Total  RNA  was 
extracted  from  the  cells  with  TRizol  reagent  (Invitrogen,  Carlsbad,  CA)  according  to  the 
manufacturer’s  instructions.  IL-10  mRNA  expression  was  examined  by  RT-PCR.  Reverse 
transcription  of  mRNA  was  achieved  by  Superscript™  First-Strand  Synthesis  System  for  RT- 
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PCR  (Invitrogen)  with  oligo-(dT)  primer  according  to  the  manufacturer’s  instructions.  PCR 
primers  used  were  IL-10  (forward:  5’-GGT  TGC  CAA  GCC  TTA  TCG  GA-3\  reverse:  5’-ACC 
TGC  TCC  ACT  GCC  TTG  CT-3’)  and  GAPDH  (forward:  5’-TTC  ACC  ACC  ATG  GAG  AAG 
GC-3’,  reverse:  5’-GGC  ATG  GAC  TGT  GGT  CAT  GA-3’).  PCR  products  (15  pi)  were 
electrophoresed  on  2%  agarose  gel.  After  ethidium  bromide  staining,  PCR  products  were 
visualized  by  UV  illumination. 

COX-2  production  and  PGE2  release 

M0  (5  x  105  /ml)  were  stimulated  with  each  agonist  or  saline  at  37°C  for  2  h.  COX-2  in  cell 
lysates  was  analyzed  by  Western  blotting  using  anti-COX-2,  as  described  previously  (18). 

For  PGE2  release,  cells  were  further  incubated  in  serum  free  RPMI  1640  with  1  pg/ml  AA  or 
saline  at  37°C  for  an  additional  2  h.  Culture  supernatants  were  harvested  and  stored  at  -80°C. 
PGE2  levels  were  assayed  by  ELISA  (Cayman  Chemicals)  (18). 

Cellular  cholesterol  level 

Cholesterol  was  extracted  from  cell  pellets  (106  cells)  with  methanol/chloroform  (2:1),  followed 
by  addition  of  an  equal  volume  of  chloroform/water  (1:1).  Cholesterol  was  recovered  from  the 
chloroform  layer  by  lyophilization.  Extracted  lipids  were  dissolved  in  the  buffer  for  Cholesterol 
E  test  (Wako  Bioproducts,  Richmond,  VA)  and  cholesterol  in  the  extract  was  determined  by 
enzymatic  colorimetric  assay,  according  to  the  manufacturer’s  instructions.  Cellular  protein  was 
measured,  as  described  previously  ( 1 8)  and  cholesterol  levels  were  normalized  to  the  protein 
levels.  Normalized  cholesterol  levels  of  saline-treated  M0  were  considered  as  100%. 
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Endotoxin  removal 


Endotoxin  was  removed  from  soluble  materials  for  culture  by  filtration  and  sterilization  through 
a  0.22-jim  Zetapore  membrane  (AMF-Cuno;  Cuno,  Meriden,  CT)  (21).  Chitin  particles  and 
heat-killed  bacteria  were  suspended  in  and  washed  with  endotoxin- free  saline.  The  final 
preparations  were  monitored  for  endotoxin  by  the  Limulus  amebocyte  assay  (Sigma)  (26).  No 
endotoxin  was  detected  in  suspensions  of  chitin  particles,  HK-BCG,  or  HK-Z.  monocytogenes. 

Statistics 

Differences  between  mean  values  were  analyzed  by  the  Wilcoxan  Rank  Sum  Test  or  the  Mann- 
Whitney.  P  <  0.05  is  considered  statistically  significant. 
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RESULTS 


Cholesterol  depletion  of  M0  does  not  significantly  alter  initial  phagocytosis  of  chitin 
particles. 

To  investigate  the  effects  of  cholesterol  depletion  on  M0  viability,  RAW  264.7  cells  were 
treated  with  1,  5,  7.5,  10,  15,  or  20  mM  MBCD.  Treatment  of  M0  with  5  mM  MBCD,  which 
has  been  used  to  inhibit  phagocytosis  of  intracellular  bacteria  (17,  38),  in  the  presence  or  absence 
of  5%  heat-inactivated  FBS  reduced  cellular  cholesterol  levels  to  40  -  45%  of  that  present  prior 
to  treatment  (Fig.  1A).  Treatment  of  M0  with  5  mM  or  less  MBCD  did  not  reduce  cell  viability 
at  24  h  (Fig.  IB). 

We  determined  the  effect  of  cholesterol  depletion  on  expression  of  the  selected  M0  surface 
antigens  F4/80,  Mac-1,  FcyR,  SR-A,  TLR4,  and  MR.  As  shown  in  Table  1,  these  antigens  were 
constitutively  expressed,  respectively,  by  61,  85,  71,  85,  80,  and  86%  of  RAW264.7  cells.  The 
expression  of  F4/80  was  slightly  increased  (Table  1;  69%  of  M0),  whereas  Mac-1,  FcyR,  and 
SR-A  were  slightly  reduced  (81,  65,  and  81%  of  M0,  respectively)  by  treatment  with  5  mM 
MBCD.  The  expression  of  TLR4  and  MR  were  not  altered  by  MBCD.  Levels  of  mean 
fluorescence  intensity  also  supported  the  effects  of  MBCD  on  the  M 0  antigens  (Table  1). 
Therefore,  MBCD  at  5  mM  or  less  was  used  for  further  experiments.  All  studies  of  chitin 
stimulation  in  the  presence  of  MBCD  were  terminated  within  6  h. 

We  also  determined  whether  cholesterol  depletion  modifies  M0  binding  and  internalization  of 
FITC-chitin  microparticles.  As  shown  in  Figure  2A,  80%  of  saline-treated  M0  bound  to  FITC- 
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chitin  particles,  which  was  not  significantly  altered  by  MBCD  treatment.  This  binding  was 
completely  inhibited  in  the  presence  of  non-labeled  chitin  particles,  but  not  latex  beads  (data  not 
shown).  Internalization  of  FITC-chitin  particles  at  37°C  was  analyzed  following  quenching  of 
unphagocytosed  FITC-chitin.  As  shown  in  Figure  2B,  the  magnitude  of  phagocytosis  is  similar 
for  MBCD-  and  saline-  treated  M0  at  20  min  (12  and  12%,  respectively).  Saline-treated  M0 
may  have  internalized  more  particles  than  MBCD-treated  M0  at  20  min,  since  the  peak 
fluorescence  intensity  was  slightly  reduced  by  MBCD  treatment  (Fig.  2B).  However, 
phagocytosis  at  40  min  was  significantly  reduced  in  MBCD-treated  M0  (33  ±  2.8  and  21  ±  0.9% 
[mean  ±  SEM,  n=3,/?<0.01]  for  saline-  and  MBCD-  treated  M0,  respectively). 

Other  particles  including  HK-BCG,  HK-Z.  monocytogenes,  1-10  pm  chitosan  and  1.1  pm  latex 
beads  were  phagocytosed  by  MBCD-treated  or  untreated  M 0  without  changing  phagocytic 
capacities  within  40  min  after  particle  stimuli  (data  not  shown). 

Chitin  -induced  MAPK  phosphorylation  is  accelerated  and  enhanced  by  cholesterol 
depletion. 

We  demonstrated  that  when  M0  phagocytosed  chitin  particles,  M0  MAPK  families  including 
p38,  ERK1/2  and  JNK  were  phosphorylated  (18).  Treatment  of  M0  with  MBCD  alone  at  1  or  5 
mM  resulted  in  no  significant  phosphorylation  of  p38,  ERK1/2  or  JNK  during  the  experimental 
period  (Fig.  3A).  As  shown  in  Figure  3A  and  B,  at  20  min  after  chitin  particle  stimulation,  the 
levels  of  phosphorylated  p38  and  ERK1/2  in  MBCD-treated  cells  were  markedly  increased 
compared  with  those  in  saline-treated  M0.  At  40  min,  the  magnitudes  of  ERK1/2  activation  in 
MBCD-treated  M0  decreased  but  for  p-p38  were  still  higher  than  for  saline-treated  M0 
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phagocytosing  chitin  particles  (Fig.  3B).  The  enhanced  phosphorylation  of  each  MAPK  was 
greater  at  5  mM  than  at  1  rnM  MBCD  (Fig.  3A).  We  also  found  that  accelerated  and  enhanced 
phosphorylation  of  JNK  at  kinetics  similar  to  that  of  p-p38  in  MB  CD-treated  M0  (data  not 
shown). 

The  effects  of  MBCD  were  relatively  selective  for  chitin  microparticles,  since  MAPK  activation 
by  other  agonists,  CpG-ODN,  HK-BCG,  and  HK-Z.  monocytogenes  was  relatively  insensitive  to 
the  treatment  with  MBCD  (Fig.  4). 

We  have  previously  found  that  cellular  activation  in  response  to  chitin  occurs  specifically  with 
phagocytosable  particles,  but  not  soluble  chitin  oligosaccharide,  non-phagocytosable  chitin 
particles  (>50  pm),  1-10  pm  chitosan  particles,  or  1.1  pm  latex  beads  (18).  We  observed  that 
for  other  than  phagocytosable  chitin  microparticles,  there  was  no  effect  of  MBCD-treatment  on 
M0  activation  (Fig.  5). 

Phosphorylation  of  p38  and  ERK1/2  associated  with  intracellular  chitin  particles  is 
accelerated  and  enhanced  by  cholesterol  depletion. 

We  next  determined  the  extent  of  phosphorylation  of  MAPK  associated  with  intracellular  chitin 
particles  in  MBCD-treated  and  saline -treated  M0.  Cellular  proteins  associated  with  chitin 
particles  were  isolated  from  MBCD-  and  saline-  treated  cells  10,  20  and  40  min  after 
phagocytosis  of  chitin  particles.  Following  fusion  with  late  endosomes/lysosomes,  matured 
phagosomes  express  LAMP-1  (24).  The  levels  of  LAMP- 1  in  whole  cell  lysates  were 
comparable  for  saline-  and  MBCD-  treated  cells  (Fig.  6A).  MAPKs  p38  and  ERK  1/2  and  the 
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respective  phosphorylated  forms  were  detected  in  the  particle-associated  fractions  at  10,  20  and 
40  min  (Fig.  6A).  The  ratios  of  band  intensity  for  the  phosphorylated  relative  to  the  total  MAPK 
are  shown  in  Figure  6B.  The  relative  amounts  of  chitin-associated  phoshorylated  MAPK  were 
greater  in  the  MBCD-  than  in  saline-  treated  cells.  Phosphorylated  JNK  was  not  detected  in  the 
particle-associated  fraction  (data  not  shown). 

Cholesterol  depletion  enhances  chitin-induced  TNF-a  production  and  COX-2-mediated 
PGE2  synthesis 

Although  treatment  with  MBCD  alone  did  not  result  in  observable  MAPK  activation,  5  mM 
MBCD  enhanced  slightly  but  significantly  TNF-a  production.  Treatment  with  1  mM  MBCD 
resulted  in  3-  and  1.8-  fold  increases  in  TNF-a  production  in  response  to  20  and  100  pg/ml  chitin 
particles,  respectively.  There  was  similar  enhancement  for  M0  treated  with  5  mM  MBCD  (Fig. 
7A).  In  response  to  0.2  or  1.0  pg/ml  CpG-ODN,  TNF-a  production  was  significantly  increased 
for  M0  treated  with  5  mM,  but  not  1  mM,  MBCD  (Fig.  7A).  However,  since  5  mM  MBCD 
alone  enhanced  the  base  line  of  TNF-a  production,  the  effect  on  CpD-ODN-induced  TNF-a  was 
minimal.  Neither  HK-BCG  nor  HK-Z.  monocytogenesis  induced  TNF-a  production  was 
affected  by  cholesterol  depletion  (Fig.  7A). 

COX-2  expression  was  induced  by  treatment  with  5  mM  MBCD  alone,  and  was  further 
enhanced  by  100  pg/ml  chitin  particles  (Fig.  7B).  Following  treatment  with  1  mM  MBCD, 
increased  chitin  particle-induced  COX-2  expression  is  associated  with  increased  PGE2  release. 

As  shown  in  Figure  7C,  chitin  particle-activated  M0  released  233  ±11  and  506  ±  52  pg/ml  PGE2 
in  the  absence  and  presence  of  1  mM  MBCD,  respectively.  However,  for  M0  were  treated  with 
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5  mM  MB  CD  the  release  of  PGEt  was  not  different  from  that  of  M0  treated  with  saline  despite 
the  increased  COX-2  expression  (Figs.  7B,  1C).  After  treatment  with  5  mM  MBCD,  nuclear 
envelope  localization  and  COX-2  enzyme  activity  were  intact  (data  not  shown).  Therefore, 
additional  factors  that  may  include  phospholipase  A2,  PGE  synthases  and/or  the  assembly  of 
these  enzymes  at  membrane  sites  may  be  impaired  by  cholesterol  depletion  by  5  mM  MBCD. 
CpG-ODN  also  induces  COX-2-mediated  PGE2  biosynthesis  (18).  The  treatment  with  1  mM 
MBCD  did  not  enhance  CpG-ODN-induced  COX-2  expression  (Fig.  7B)  or  PGE2  release  (data 
not  shown). 

Effects  of  cholesterol  depletion  on  chitin-induced  IL-10  production 

Despite  the  release  of  TNF-a  and  PGE2,  which  are  both  endogenous  inducers  of  IL-10  (7,  30,  33), 
we  found  previously  that  chitin  particles  do  not  induce  IL-10  expression  by  M0  at  24  h  (18),  nor 
was  IL-10  mRNA  detected  (Fig.  8).  In  contrast,  CpG-ODN-induced  expression  of  IL-10  was 
significantly  increased  at  24  h,  as  described  previously  (18)  with  mRNA  synthesis  observed  (Fig. 
8).  We  further  detennined  the  effect  of  cellular  cholesterol  depletion  on  chitin  particle-induced 
IL-10  expression.  As  shown  in  Figure  8,  MBCD  treatment  prior  to  exposure  to  chitin  particles 
did  not  result  in  IL-10  mRNA  expression  at  6  h.  CpG-ODN-induced  IL-10  mRNA  was  not 
increased  by  MBCD  treatment  (Fig.  8).  Taken  together,  our  results  indicate  that  following 
cholesterol  depletion,  the  Thl  adjuvant  chitin  does  not  induce  IL-10  production,  despite  effects 
on  MAPK  phosphorylation,  TNF-a  production  and  PGE2  biosynthesis. 


-  16- 


DISCUSSION 


Chitin  microparticles  have  been  considered  a  unique  and  clinically  useful  Thl  adjuvant,  since 
administration  of  chitin  microparticles  in  mouse  models  of  asthma  and  mycobacterial  infections 
promotes  M0  activation  leading  to  the  down-regulation  of  allergic  responses  and  the 
enhancement  of  host  immunity  against  mycobacteria,  respectively  (25,  28).  Our  previous  (18, 
29)  and  present  studies  clearly  indicate  that  both  recognition  and  phagocytic  entry  of  chitin 
microparticles  are  required  for  M0  activation  characterized  by  MAPK  phosphorylation,  Thl 
cytokine  production  and  COX-2-mediated  PGE2  biosynthesis.  The  depletion  of  cholesterol  in 
the  plasma  membrane  results  in  only  minimal  alteration  in  the  recognition  and  internalization  of 
chitin  particles,  HK-BCG  or  HK-Z.  monocytogenes  within  20  min  after  particle  stimulation  (Fig. 
2).  However,  the  rate  and  extent  of  chitin  particle-induced  MAPK  phosphorylation  are 
accelerated  and  enhanced,  respectively,  for  MB  CD-treated  M0  compared  to  saline -treated  M0 
(Fig.  3).  This  is  also  detected  in  phagosomes  including  chitin  microparticles  (Fig.  6).  In 
contrast,  up-modulation  of  MAPK  phosphorylation  following  depletion  of  cholesterol  was  only 
slight  in  stimulation  with  HK-BCG,  HK-Z.  monocytogenes  or  CpG-ODN  (Fig.  4).  These  results 
indicate  that  phosphorylation  of  MAPKs  in  the  M0  response  to  chitin  microparticles,  but  not  to 
HK-BCG,  HK-Z.  monocytogenes  or  CpG-ODN  is  enhanced  by  depletion  of  membrane 
cholesterol. 

Our  previous  studies  with  M0  (18,  26,  29)  clearly  indicate  that  phagocytosis  of  chitin 
microparticles  (1-10  pm),  but  not  a  soluble  form  of  chitin  or  >50  pm  chitin  particles,  promotes 
MAPK  activation  and  Thl  responses.  The  present  study  further  indicates  that,  in  contrast  to 
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results  for  phagocytosable  chitin  microparticles  (1-10  pm),  MAPK  activation  in  response  to 
>50  pm  chitin  particles,  soluble  chitin,  1-10  pm  chitosan  particles,  or  1.1  pm  latex  beads  is  not 
altered  by  MBCD  treatment  of  M0.  Thus,  requirements  for  recognition  and  response  to  chitin 
preparations  and  latex  beads  are  not  qualitatively  altered  by  MBCD-treatment.  GlcNAc  residues 
are  recognized  by  mannose-type  C-type  lectin-like  receptors  (CLR)  including  MR,  endo-180  and 
dendritic  cell-specific  ICAM-grabbing  non-integrin  (DC-SIGN),  which  is  located  in  the  DRM  of 
dendritic  cells  (16,  23).  Although  receptor(s),  other  than  MR,  that  contribute  to  phagocytosis  of 
chitin  particles,  have  not  been  completely  identified,  MBCD  treatment  does  not  change  the 
capacity  of  RAW264.7  cells  for  chitin  binding  or  phagocytosis  at  20  min  (Fig.  2). 

It  is  likely  that  cellular  signals  for  both  MAPK  phosphatase  activation  and  attenuation  are  also 
induced  by  chitin.  Our  results  are  consistent  with  either  enhanced  activity  of  MAPK  kinases 
(MAPKKs)  or  the  inhibition  of  MAPK  phosphatase  (MKP)  activity  following  disruption  of  the 
integrity  of  DRM  by  MBCD.  Previous  studies  suggest  that  DRM-associated  regulation  of 
cellular  signaling  may  depend  on  caveolin-,  oxysterol-binding  protein  (OSBP)-,  and 
phosphatidylinositol-3  kinase  (PI3K)-  mediated  mechanisms  (3,  8,  9,  12,  20,  36,  37).  Further 
studies  to  determine  whether  these  molecules  are  involved  in  chitin-induced  M0  activation  are 
underway. 

Another  finding  is  that  depletion  of  M0  cholesterol  results  in  significant  enhancement  of  chitin 
microparticle-induced  M0  production  of  TNF-a,  a  Thl  cytokine  (Fig.  7).  In  M0  treated  with  1 
mM  MBCD,  TNF-a  production  and  COX-2-mediated  PGE2  biosynthesis  are  significantly 
increased.  In  response  to  chitin  particles,  the  production  of  PGE2  has  a  biphasic  dependence  on 
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cellular  cholesterol  levels.  Following  treatment  with  1  mM  MB  CD  and  chitin  particle 
stimulation,  the  increase  in  PGE2  correlates  with  the  increase  in  COX-2  expression.  However, 
chitin  particles  do  not  induce  IL-10  mRNA  or  IL-10,  in  agreement  with  our  previous  report  (18), 
despite  the  fact  that  chitin  particles  induce  PGE2  and  TNF-a  that  potentially  promote  IL-10 
production  (7,  30,  33).  This  study  provides  further  support  for  a  MAPK-independent  mechanism 
for  stimulation  of  IL-10  production. 

In  addition  to  the  present  results  of  TNFa  and  IL-10,  RAW264.7  cells  produced  detectable  levels 
of  IL-ip,  IL-6  and  GM-CSF  in  response  to  chitin  microparticles  (data  not  shown).  RAW264.7 
cells  that  are  stimulated  with  LPS  result  in  phosphorylation  of  p38  and  ERK1/2  followed  by 
these  cytokine  productions  (15,  34).  Our  preliminary  studies  indicated  that  these  chitin  particle- 
induced  cytokine  productions  were  enhanced  by  MBCD-treated  cells  (data  not  shown).  Further 
studies  are  required  to  determine  whether  other  cytokine  productions  which  are  dependent  on  or 
independent  of  MAPK  phosphorylation  are  enhanced  under  membrane  cholesterol  depletion. 

In  contrast  to  stimulation  by  chitin  microparticles,  MAPK  activation  in  response  to  HK-BCG  and 
HK-Z.  monocytogenes  is  relatively  insensitive  to  cholesterol  depletion.  These  microbes  are 
recognized  by  multiple  receptors  including  Toll-like  receptors  and  scavenger  receptors  (1,  16). 
We  have  also  observed  that  inhibition  of  phagocytosis  of  these  microbes  by  cytochalasin  D  does 
not  prevent  MAPK  activation  and  Thl  cytokine  production  (data  not  shown).  Solublized 
components  of  HK-BCG,  prepared  by  filtration  of  sonicated  HK-BCG  solution  through  a  0.22 
pm  Millipore  membrane,  induced  TNFa  production  and  COX-2  expression  (data  not  shown). 
These  results  suggest  that  phagocytic  entry  and  phagosome  formation  are  not  required  for 
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MAPK  activation  by  the  HK-bacteria.  Furthermore,  CpG-ODN,  a  soluble  component  of 
bacteria,  induces  MAPK  activation  and  Thl  cytokine  production  in  a  TLR9-mediated  manner 
which  does  not  require  actin  polymerization  (13,  18)  and  is  not  altered  by  depletion  of  membrane 
cholesterol  (Fig.  4).  It  is  therefore  likely  that  M 0  activation  signals  derived  from  phagocytic 
entry  and  phagosome  formation  are  more  sensitive  to  the  cholesterol  depletion  than  recognition 
of  microparticles. 

In  conclusion,  although  the  early  phase  of  phagocytosis  of  chitin  microparticles  is  comparable 
for  untreated  M0  and  M0  depleted  of  cholesterol  by  MBCD,  MAPK  activation  and  Thl 
cytokine  production  in  response  to  chitin  is  markedly  enhanced  in  MBCD-treated  M0.  Our 
results  suggest  differential  membrane  structural  requirements  for  MAPK  activation,  and  cytokine 
or  PGE2  production  compared  to  binding  and  phagocytosis  of  chitin  particles.  IL-10  is  not 
produced  in  response  to  chitin  and  this  is  not  altered  by  cholesterol  depletion.  Although 
cholesterol  depletion  does  not  significantly  alter  initial  stages  of  chitin  phagocytosis,  or  MAPK 
activation  and  Thl  cytokine  production  by  HK-BCG  or  HK-Z.  monocytogenes,  membrane 
structures  integrated  by  cholesterol  appear  to  be  important  for  the  normal  regulation  of  chitin- 
induced  M0  MAPK  activation,  probably  reflecting  phagocytic  entry  and  phagosome  formation 
as  well  as  cellular  recognition  by  different  surface  receptors. 
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Footnotes 


1 .  Abbreviations  used  in  this  paper:  M0,  macrophages;  GlcNAc,  X-acetyl-D-glucosamine; 
COX-2,  cyclooxygenase  2;  PGE2,  prostaglandin  E2;  MBCD,  methyl-[3-cyclodextrin;  DRM, 
detergent-resistant  cholesterol-rich  microdomains;  ODN,  oligonucleotides;  CLR,  C  type  lectin- 
like  receptor;  MR,  mannose  receptor;  FcyR,  Fey  receptor  II/III;  SR-A,  scavenger  receptor  A; 
TLR,  Toll-like  receptors;  FITC,  fluorescein  isothiocyanate;  EGFR,  epidermal  growth  factor 
receptor;  MAPKK,  MAPK  kinase;  MKP,  MAPK  phosphatase 
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Legends  for  Figures 


Fig.  1.  The  effects  of  MBCD  treatment  of  RAW264.7  cells  on  cellular  cholesterol  level  and  cell 
viability.  RAW264.7  cells  were  suspended  in  serum- free  RPMI1640  or  RPMI1640  containing 
5%  FBS  at  lxlO6  /ml  and  treated  with  MBCD  at  the  indicated  concentrations  or  saline  at  37  °C. 

A.  After  1-hr  incubation  at  5  mM  MBCD,  cellular  cholesterol  and  protein  were  extracted. 

Cellular  cholesterol  and  protein  levels  were  measured  by  enzymatic  colorimetric  assay  and  BCA 
reagent,  respectively.  Cellular  cholesterol  level  was  nonnalized  by  cellular  protein  level. 
Nonnalized  cholesterol  levels  of  saline-treated  M0  are  considered  as  100%.  Mean  ±  SEM,  n=3; 
#,p  <  0.0001,  compared  to  saline-treated  M0.  B.  After  24-hr  incubation,  viability  of  M0  was 
determined  by  LDH  release  assay  of  culture  supernatants.  Viability  of  saline-treated  M0  was 
considered  as  100%.  The  data  shown  are  representative  of  three  independent  experiments. 

Mean  ±  SEM,  n=3. 

Fig.  2.  The  effects  of  MBCD  on  M0  cell  membrane.  M 0  were  treated  with  saline  or  5  mM 
MBCD.  A.  M0  binding  to  FITC  chitin  particles.  MBCD-  and  saline-  treated  M0  were 
incubated  with  FITC-chitin  particles  on  ice  for  30  min.  After  washing,  total  fluorescence  of  M0 
associated  with  FITC-chitin  was  monitored  cytometrically.  Cells  in  Ml  gate  were  considered 
positive  for  chitin  binding.  Solid  line  with  white  background,  saline  treatment  and  FITC-chitin; 
solid  line  with  gray  background,  MBCD  treatment  and  FITC-chitin;  dashed  line  with  white 
background,  saline  treatment  alone;  dashed  line  with  black  background,  MBCD  treatment  alone. 

B.  M0  phagocytosis  of  FITC-chitin  particles  for  20  and  40  min.  After  quenching 
unphagocytosed  FITC  chitin  particles,  intracellular  fluorescence  at  20  and  40  min  was  monitored. 
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Cells  in  Ml  gate  were  considered  phagocytic  cells.  Open  background,  no  particles;  gray 
background,  FITC-chitin.  The  data  shown  are  representative  of  three  independent  experiments. 

Fig.  3.  Treatment  of  M0  with  MBCD  enhances  chitin  particle-induced  phosphorylation  of  p38, 
ERK1/2,  and  JNK.  A.  Western  blots  showing  phoshorylated  MAPK.  M0  were  pre-treated  with 
MBCD  at  the  indicated  concentrations  at  37°C  for  1  h  and  then  stimulated  with  chitin  particles  or 
saline  at  37°C  for  0,  10,  20,  30  or  40  min.  Equal  amounts  of  cellular  protein  were  analyzed  by 
SDS-PAGE  and  Western  blotting.  B.  Intensities  of  MAPK  bands  detected  in  chitin-  treated  M0 
were  quantified  digitally  and  the  fraction  of  phosphorylated  MAPK  was  nonnalized  by  the 
corresponding  total  MAPK  band.  ■,  treated  with  0  mM  MBCD  (saline);  □,  treated  with  5  mM 
MBCD.  The  data  shown  are  representative  of  three  independent  experiments. 

Fig.  4.  MAPK  phosphorylation  induced  by  CpG-ODN,  HK-BCG  and  HK-Z.  monocytogenes  in 
MBCD-treated  M0.  A.  MBCD-  and  saline-  treated  M0  were  stimulated  with  5  pg/ml  CpG- 
ODN,  100  pg/ml  HK-BCG,  or  100  pg/ml  HK-Z.  monocytogenes  at  37°C  for  0,  10,  20,  30  or  40 
min.  Other  procedures  were  identical  to  those  in  Figure  3 A.  The  data  shown  are  representative 
of  three  independent  experiments. 

Fig.  5.  Effects  of  MBCD  on  MAPK  activation  induced  by  control  agonists.  MBCD-  and  saline- 
treated  M0  were  stimulated  with  100  pg/ml  1-10  pm  chitin  particles,  100  pg/ml  soluble  chitin 
oligosaccharide,  100  pg/ml  >50  pm  chitin  particles,  100  pg/ml  1-10  pm  chitosan  particles,  or 
100  pg/ml  1.1  pm  latex  beads  at  37°C  for  0,  10,  20,  30  and  40  min.  Experiments  were 
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performed  as  described  for  Fig.  3A.  The  data  shown  are  representative  of  three  independent 
experiments. 

Fig.  6.  Phagosomal  localization  of  MAPK  proteins.  MBCD-  and  saline-  treated  M0  were 
stimulated  with  100  pg/ml  1-10  pm  chitin  particles  at  37°C  for  10,  20  or  40  min.  Chitin 
particle-associated  proteins  were  isolated  and  extracted  as  described  in  MATERIALS  AND 
METHODS.  Particle-associated  proteins  derived  from  2  x  106  M0  as  well  as  whole  cell  proteins 
were  separated  on  SDS-1 1%  polyacrylamide  gel  and  electroblotted  to  PVDF  membrane  (A). 
Intensities  of  p38  and  ERK  1/2  bands  detected  in  phagosomal  proteins  (B)  were  quantified 
digitally  using  graphic  imaging  software  (NIH  Image  1.5).  Ratios  of  the  intensity  of 
phosphorylated  to  total  MAPK  bands  are  shown.  ■,  saline -treated;  □,  MBCD-treated.  The  data 
shown  are  representative  of  two  independent  experiments. 

Fig.  7.  The  effect  of  MBCD  on  chitin  particle-induced  TNF-a  production,  COX-2  expression, 
and  PGE2  release.  MBCD-  and  saline -treated  M0  were  stimulated  with  indicated  doses  of 
agonists.  A.  The  levels  of  TNF-a  in  culture  supernatants  3  h  after  agonist  stimulation  were 
measured  by  ELISA.  Mean  ±  SEM,  n=3;  *,p<  0.05;  #,p<  0.01,  compared  to  TNF-a  induced  in 
saline-treated  cells  stimulated  with  same  dose  of  agonist.  B.  COX-2  levels  in  the  cell  lysate  2  h 
after  agonist  stimulation  were  detected  by  Western  blotting.  C.  M0  stimulated  with  chitin 
particles  (■)  or  saline  (□)  for  2  h  were  further  elicited  with  1  pg/ml  AA  for  additional  2  hr.  The 
levels  of  PGE2  in  culture  supernatants  were  measured  by  ELISA.  Mean  ±  SEM,  n=3.  #,P< 
0.01,  compared  to  PGE2  induced  in  absence  of  MBCD  and  stimulated  with  the  same  agonist. 

The  data  shown  are  representative  of  three  independent  experiments. 
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Fig.  8.  The  effect  of  MBCD  on  IL-10  production  by  chitin  particle-stimulated  M0.  M0  treated 
with  MBCD  at  0  (saline),  1  and  5  rnM  were  stimulated  with  chitin  particles,  CpG-ODN,  or  saline 
at  37°C  for  6  h.  After  extraction  of  total  RNA,  RT-PCR  was  perfonned  as  described  in 
MATERIALS  AND  METHODS.  Levels  of  IL-10  and  GAPDH  mRNA  are  shown.  These  data 
are  representative  of  three  independent  experiments. 
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TABLE  1.  The  effects  of  MBCD  on  surface  expression  of  M0  antigens. 


Antigen 

%  positive  cells  in  M 1  b 

MFI 

C 

0  mM  (saline) 

5  mM  MBCD3 

0  mM  (saline) 

5  mM  MBCD3 

F4/80 

61 

69 

15 

17 

Mac-1 

85 

81 

47 

36 

FcyR 

71 

65 

17 

14 

SR-A 

85 

81 

41 

32 

TLR4 

80 

79 

24 

23 

MR 

86 

86 

73 

73 

a  M0  were  treated  with  saline  or  5  mM  MBCD. 

h  Data  shown  are  percentages  of  positive  cells  reacting  to  primary  antibodies  listed,  from  which 
percentage  of  cells  stained  with  secondary  Ab  alone  has  been  subtracted. 

c  Data  shown  were  mean  fluorescent  intensities  (MFI).  The  2nd  antibody  controls  of  0  and  5  mM 
MBCD  treatments  were  both  7.0. 

The  data  shown  are  representative  of  three  independent  experiments. 
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